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Abstract
The development of efficient scramjet engines to power access-to-space vehicles requires fundamental
understanding of all its processes. It is estimated a combustion efficiency of at least 80% is required
for a scramjet-powered stage in a multi-stage access-to-space vehicle. For lower Mach numbers, trial
and error approaches, supported by empirical data, are useful in the design of scramjet engines that
reach this efficiency threshold. This technique, however, has not been successful in designing vehicles
capable of generating enough thrust to cruise at Mach numbers equal or greater than 10. Therefore,
better understanding of the mechanisms behind supersonic turbulent combustion are necessary for
the development of high-performance engines from the ground up. This is no easy task: turbulent
combustion remains an unresolved problem and the simulation models that have been developed,
while extremely useful for subsonic turbulent combustion, have limited usefulness when applied to
tackle the added complexities of its supersonic variant. Previous research using numerical simulations
has indicated that scramjet combustion happens in multiple regimes. But, given the uncertainty of
applicability of conventional combustion models used in numerical studies, experimental data is
necessary to validate these results and provide further insight into the physics behind the supersonic
combustion process. To this intent, an experiment has been developed to characterise supersonic
turbulent combustion in a complete scramjet engine. One of the main characteristics of scramjet
flow is its non-uniformity, driven by the intake shocks, which interact and reflect to form a complex
shock train structure in the engine combustor, which needs to be recreated in order to capture the real
effects present in a scramjet engine. An engine was designed with a symmetrical intake composed
of 6° and 15° ramps to generate this non-uniform flow. It is an inlet-fuelled scramjet, equipped with
a single injector located in the centre plane, 80 mm upstream of the combustor throat in the 15°
ramp on one side of the engine. This produces a fuel plume that can interact with the shock waves,
which should enhance mixing and drive ignition of the fuel, just like in a real application. It also
guarantees the fuel plume remains isolated from the side walls and the wall opposite the injector,
making it easier to simulate with high-fidelity Large-Eddy Simulations, reducing computational cost.
This engine was tested in the T4 Reflected Shock Tunnel at The University of Queensland with an
inflow condition of Mach 7, using a Mach-10 flow enthalpy of 4.5 MJ/kg to reproduce the combustion
conditions in a vehicle operating at Mach 10. The turbulent flame was directly observed in the flow
using planar laser-induced fluorescence of OH radicals. Complementing these results with Large-
Eddy Simulations of the experimental conditions, it has been shown that the combustion process in
scramjets is multi-mode, where neither premixed nor non-premixed combustion dominate, and both
substantially contribute to heat release. Combustion is confirmed to happen over multiple regimes
throughout the engine, particularly in the boundary between the regimes. Furthermore, simulations
were performed of the same geometry, with a Mach-10 inflow, using oxygen enrichment, in which
oxygen is injected, premixed with the fuel. These simulations showed that even though combustion
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efficiency and heat release are greatly increased by the injection of premixed fuel, there is little effect
on the distribution of combustion regimes. In fact, the distribution of regimes, for the cases and
ranges analysed, is insensitive to fuelling conditions. Finally, the thermofluidic compression effect
was investigated with Reynolds-Averaged Navier-Stokes Simulations. The thermofluidic compression
effect is the effect by which the increase in injected mass in an inlet-fuelled scramjet contributes to
enhanced combustion by increasing compression and causing earlier ignition. Oxygen enrichment
and thermofluidic compression both contribute to increased combustion efficiency and can be used,
independently or in combination, to achieve higher scramjet performance. They can potentially be
used to increase the operational envelope of a scramjet engine to higher altitude and Mach numbers, or
to reduce combustor length, reducing the overall drag.
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CHAPTER 1
INTRODUCTION
That supersonic turbulent combustion is a complex process is an understatement. Its underlying
physics are not completely understood. Modelling is made difficult by the different time scales
between chemistry and turbulence. Furthermore, most models are developed for low speed conditions,
putting into question their effectiveness for supersonic combustion. Depending on how these chemical
and turbulent time scales relate to each other, turbulent combustion can occur in different regimes.
In the complex flow-field inside a scramjet combustor, many of these combustion regimes could be
present simultaneously, increasing the difficulty of modelling the process.
Better understanding of, and modelling capabilities for, supersonic turbulent combustion are crucial
for developing more efficient scramjet engines. Scramjets, or supersonic combustion ramjets, are
air-breathing engines capable of flight in the hypersonic regime, i.e. flight velocities equivalent to Mach
5 or higher. While empirical trial-and-error techniques have proven effective in developing efficient
experimental engines operating at lower hypersonic Mach numbers below 8, this has still not been
successful when applied to higher Mach numbers and there is currently no engine design capable of
generating enough thrust for flight at Mach numbers higher than 10. For scramjets to be successful
in access-to-space systems, they must be capable of accelerating trajectories that would bring them
to Mach 12 and above. This configuration demands high combustion efficiency and therefore better
design tools and modelling capabilities. These would guarantee a more efficient access-to-space system
design from the start.
An access-to-space system is one possible and invaluable application for scramjet engines. Ever
since the Sputnik 1 was launched into orbit in 1957, rockets have been responsible for humankind’s
reach of the stars. Earth’s surroundings today are a far cry from the single artificial satellite that
orbited it for a few months in 1957, with currently over a thousand satellites in orbit, all put there
by rocket engines. Yet the technology remains largely unchanged from the R-7 rocket that launched
Sputnik into space, and the technology is neither cheap nor easy. The useful payload in a rocket is
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a small percentage of its total mass. Most of the take-off mass is fuel and especially oxidant, which
are consumed to reach orbit. The rest is structure, part of which is discarded as the initial stages,
increasing costs. Typically, this leaves less than 2% useable payload mass. Recurrent failures with
launches of satellites or for resupplying the International Space Station reinforce the reliability issues of
rocket systems, the losses adding to the cost of accessing space. Our society is becoming increasingly
interconnected, with satellite systems allowing global telecommunications, location and navigation
systems and other services and systems that require a massive infrastructure of satellites in orbit. As
this demands maintenance, replacement and the launch of newer satellite systems to provide this
ever-increasing infrastructure, it directly conflicts with the high cost of space access. High costs are
also a hindrance to scientific endeavours, as programs such as the New Horizons could be made easier
to attempt if space was more easily accessible.
In this context, scramjet engines are considered a viable alternative to rockets. Being air-breathing
engines, they need not carry their own oxidiser, instead using the air present in the atmosphere, thus
liberating a significant percentage of its weight. Scramjet-powered vehicles can also be reusable, flying
and landing like an aeroplane, reducing the costs involved with expendable stages. Due to the high
velocities required to reach Earth’s orbit, the scramjet engines are the air-breathing engines best suited
to replace rockets, if not completely, at least as one of the stages in an access-to-space system.
But while conceptually simple, scramjets are technologically challenging. Short fuel residence
times in the combustor, high temperatures and structural stresses for sustained flight, packaging and
control issues, incapability to take off on its own requiring multi-cycle systems... the list goes on.
After decades of research, scramjets haven’t moved past the stage of test flights, a fully working
vehicle still waiting to be developed. As the demand for space access is increasing, further research
is required to develop these systems that can facilitate it. The research needs to focus not only on
practical developments, e.g. the use of hydrocarbon fuel or cooling systems, but also on fundamental
understanding, such as the process of supersonic turbulent combustion. This can help build a solid
foundation of knowledge to design better and more efficient scramjet engines from the ground up.
With this in mind, an experiment has been devised to investigate the supersonic turbulent combustion
process in scramjets. Using a complete scramjet engine with intake, as opposed to a combustor in
direct-connect mode, the resulting non-uniform flow should be representative of scramjet operation.
Employing laser diagnostics in the form of OH-PLIF, the turbulent flame can be observed, allowing
experimental investigation and quantification of the turbulent combustion process. This can provide
invaluable experimental data on the mechanisms behind supersonic turbulent combustion, leading to
the fundamental knowledge needed to improve engine design.
Generating thrust at higher Mach numbers remains a challenge regardless of the design tools
available. The air-flow through the engine generates massive drag and specific impulse is considerably
reduced at Mach number 10 and above. There is need for techniques capable of overcoming these
difficulties, extending scramjet operation to higher Mach numbers that lead to increased drag, and higher
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altitudes, where the supply of oxygen for combustion becomes low, compromising thrust generation.
This is where practical techniques such as oxygen enrichment and thermofluidic compression become
useful, enhancing combustion through use of premixed fuel and the extra compression provided by
injecting varying fuel equivalence ratios. Using both Large-Eddy and Reynolds-averaged Navier-Stokes
Simulations, these techniques are investigated, and how they alter supersonic turbulent combustion in
a scramjet engine.
1.1 Research aims
Based on the above, the aim of this research thesis is to:
characterise the supersonic turbulent combustion process in an inlet-fuelled scramjet
engine in Mach-10 enthalpy flow conditions.
This will be achieved through the following:
1. Experimental determination of turbulent combustion regimes.
An experimental investigation of the complete process of supersonic turbulent combustion
is performed, suported by Large-Eddy Simulations of the flow, aiming at acquiring data to
determine the combustion regimes present in a scramjet engine. Using a complete scramjet
engine with intake, it is possible to visualise the effects of flow non-uniformity on the combustion
process, unlike direct-connect experiments where the flow is more uniform than in airframe-
integrated engines.
2. Determination of the effect of oxygen enrichment in the combustion process and its regimes.
Determine how the premixing of oxygen to the injected fuel, i.e. oxygen enrichment, contributes
to combustion and its effect on the development of the combustion process and its regimes.
3. Characterise thermofluidic compression as a means to improve combustion in a low-compression
engine.
Determine if extra compression by the injection of fuel, i.e. thermofluidic compression, can
contribute to ignition and combustion in an engine operating at low pressure conditions on the
borderline to achieving combustion.
1.2 Thesis outline
This thesis is organised in seven chapters, including this introduction, and three appendices.
Chapter 2: Literature Review
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This chapter presents an overview of the available and relevant literature. It reviews scramjet
technology development and its supersonic combustion process (Section 2.1), turbulent combustion
and its regimes (Sections 2.2 and 2.2.2), the available research on supersonic turbulent combustion in
scramjets (Section 2.2.3), and oxygen enrichment (Section 2.3).
Chapter 3: Methodology
This chapter defines the methodology used for the work in the thesis. The first part, Section 3.1,
presents the experimental methodology, outlining the model design (Section 3.1.1) and describing the
experimental facility, fuel system, instrumentation, and flow conditions (Sections 3.1, 3.1.2 to 3.1.4),
as well as the configuration for the laser diagnostics (Section 3.1.5). The second part, Section 3.2,
presents the numerical methodology, detailing governing equations (Section 3.2.1), the formulation
for RANS and LES (Sections 3.2.2 and 3.2.3), and the solver discretisation and flux calculations
(Section 3.2.6).
Chapter 4: Supersonic turbulent combustion in scramjets
This is the initial results chapter. Here, experimental and numerical results are presented for
the characterisation of supersonic turbulent combustion in the scramjet engine. It begins with an
introduction of the grid used in the simulations and the boundary conditions (Section 4.1). This is
followed by the experimental results in Section 4.2, where wall pressure data and flame visualisation
results, obtained with OH-PLIF imaging, are presented. This is followed by Large-Eddy Simulations
of the experimental flow in Section 4.3, in which the overall flow-field and properties are discussed
in terms of pressure, temperature, species mass fractions and heat release (Section 4.3.1). This is
followed by an analysis of mixing and combustion efficiency (Section 4.3.2). Finally, the combustion
modes and regimes in the engine are discussed in Section 4.3.3.
Chapter 5: Oxygen enrichment effects on supersonic combustion
This chapter presents the Large-Eddy Simulations results of oxygen enrichment and how it affects
the turbulent combustion in a scramjet engine. The computational grid and boundary conditions are
discussed in Section 5.1. Results are presented and discussed in Section 5.2 for an enriched case and a
base case without oxygen for comparison. The overall flow-field and flow properties are presented
and analysed, with a discussion of temperature, pressure, heat release and species mass fractions
(Section 5.2.1). This is followed by an analysis of mixing and combustion efficiencies and the impact
of oxygen addition on the overall combustion performance (Section 5.2.2). Finally, in Section 5.2.3,
the combustion modes and regimes distribution are discussed in both cases.
Chapter 6: Thermofluidic compression in scramjets
This is the final results chapter. In it, Reynolds-Averaged Navier-Stokes Simulations are used to
describe the thermofluidic compression effect. The results explore the increased combustion levels
obtained when increasing equivalence ratio. This happens due to the increased compression obtained
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by injecting more mass and not only due to the higher fuel equivalence ratio. In Section 6.3 the average
pressure, temperature, and OH and water mass fractions are analysed for each equivalence ratio. In
Section 6.3.1, the effect of mass flow rate is analysed with a case in which helium is injected along
with the fuel. Section 6.3.2 presents mixing efficiency results, while Section 6.3.3 contains combustion
efficiency and heat release results. Sections 6.3.4 and 6.3.5 present an analysis of the conditions around
the injector bow shock and fuel plume, respectively. Finally, in Section 6.5, the discussion is extended
to include the experimental results obtained, analysing reactions in the injector region.
Chapter 7: Conclusions
Findings in the previous three chapters are summarised and recommendations made for future
work.
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CHAPTER 2
LITERATURE REVIEW
This chapter presents to the reader an overview of the literature relevant to this thesis. It starts with
a discussion of scramjet development, its advantages and technological obstacles, and moves into
the specific issues and requirements of the supersonic combustion process in the engine, which is
the characteristic of scramjets of most concern to this thesis. It aims to give the reader a general
understanding of turbulent combustion and its associated regimes, along with the current state-of-the-
art in supersonic combustion research, both experimental and numerical, to lay the groundwork for
the results presented later in the thesis. Finally, it presents the brief literature available on oxygen
enrichment to familiarise the reader with the concept, which is investigated later in the thesis.
2.1 Scramjets
To better understand scramjet engines, we should start by briefly explaining what a ramjet engine is
and how it naturally leads to scramjets in the quest for higher flight speeds.
Conventional turbojet engines, such as those found in most modern airliners, are capable of
supersonic flight, as military aircraft routinely demonstrate. But as velocities start increasing in the
supersonic regime, say to around Mach 3, turbojet engines lose effectiveness. In fact, at these velocities,
moving parts are no longer required to compress the flow. A fixed-geometry converging inlet (i.e.
reducing the area towards the combustor) is capable of achieving compression through oblique shock
waves, or conical shock waves in the case of an axisymmetric engine. The compressed but still
supersonic flow is brought into the subsonic regime using a normal shock wave. Fuel is injected in the
subsonic flow, mixed, and the combusted mixture is expanded to supersonic speeds through a diverging
nozzle. The ram effect of the normal shock wave gives the engine its name: ramjet, first proposed in
1913 by René Florin of France. Since it has no moving parts, the cycle temperature can be increased,
in turn increasing its efficiency [3, 53, 107]. A schematic of a ramjet engine is shown in Fig. 2.1a.
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(a)
0 - Free-stream
1 - Leading edge
2.1 - Isolator
3 - Combustor entrance
4 - Combustor exit/Nozzle entrance
10 - Nozzle exit
Fuel injection
(b)
Figure 2.1: Schematic of (a) and two-dimensional ramjet [53] and (b) an airframe-integrated scramjet
engine [125].
If velocities are increased even further, the normal shock wave leads to extremely high pressure
losses in the engine. The temperature behind the shock also increases considerably, leading to increased
structural stresses in the vehicle and chemical dissociation of the flow, which removes energy from
the cycle [114]. The solution is simple, at least conceptually: remove the normal shock and allow the
flow to remain supersonic for combustion, from whence comes the idea of the supersonic combustion
ramjet, or scramjet. Scramjets are designed to operate in the hypersonic regime, i.e. above Mach 5,
with theoretical operational limits as high as Mach 24 [107].
A simple schematic of a scramjet engine is shown in Fig. 2.1b. The red lines represent shock
waves. The stations on the schematic are taken from standard gas-turbine designation, as adopted
by Heiser and Pratt [53]. It was realised, early on in scramjet research, that airframe-integrated engines
are a requirement for scramjets. The conventional turbojet arrangement, with an axisymmetric engine
attached to the vehicle, generates too much drag that essentially negates the engine’s thrust [53]. In
this airframe-integrated configuration, used in most proposed vehicle concepts, the scramjet engine
occupies most of the lower part of the vehicle, with the vehicle’s forebody contributing to compression
of the intake air, and its afterbody performing part of the expansion [107].
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Figure 2.2: Specific impulse of air-breathing and rocket engines for a range of Mach numbers [107].
Station 0 represents the free-stream condition. Station 1 is the beginning of the compression
process, caused by the shock waves generated at the forebody and intake ramps. Station 2.1 is the
beginning of the isolator, whose function it is to isolate the intake flow from combustor back-pressure.
Between stations 3 and 4 is the combustor, where fuel is burned to add heat to the compressed intake air.
Finally, from stations 4 to 10 is the diverging nozzle, where the combustion products are expanded to
generate thrust. Fuel is injected in the combustor but can also be injected on the inlet. The extra length
travelled by the inlet-injected fuel increases residence time, which allows for more mixing, and the
presence of the fuel plume causes strong interactions with the shocks, which lead to increased mixing
in comparison with injecting only in the combustor [43]. Inlet injection also promotes thermofluidic
compression effects in the engine, which help enhance combustion [83] and are discussed in Chapter 6.
Scramjets are a viable alternative to rockets for space access, outperforming them in a number of
ways, and scramjets are the best-suited cycle for hypersonic flight [114]. Being air-breathing, they can
utilise the oxygen in the atmosphere as oxidiser. In rocket-powered vehicles, the oxidiser can account
for almost 60% of their total mass [88], at least part of which could be freed for extra payload on
scramjet-powered vehicles. This also leads to scramjets having potentially higher specific impulse in
comparison with rockets up to at least Mach 15 for hydrogen fuel, as can be seen in Fig. 2.2. Having
no moving parts, scramjets have the potential to become more reliable than rocket engines. Finally,
scramjets could facilitate cheaper space access due to their proposed reusability. The weight liberated
by not carrying oxidiser can be partly diverted to a more resilient, re-usable airframe. Scramjets could,
therefore, be flown as aeroplanes, flying back and landing after payload delivery, to be prepared and
used again in another mission.
If scramjets are simple in their concept, the same cannot be said for the actual implementation of
the technology, as several challenges still remain to be overcome before their introduction into proper
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operation. There is one considerable drawback to scramjet engines. As the scramjet is dependent
on shock waves to compress the air in their intake, and the high speeds necessary for such shocks
to form, it cannot take off by itself. Any scramjet system would need, therefore, to be part of a
combined cycle, or of a multi-stage system, in which the scramjet could be one of the stages [63,
107]. Flying inside the atmosphere at the velocities involved in hypersonic flight introduces severe
structural problems to the engine and the vehicle, especially excessive heating due to drag in prolonged
flight, with the need to sustain temperatures of thousands of degrees without compromising the
operation [107]. This also introduces complications with molecule dissociation in air. At sea level,
the activation of vibrational energies in N2 and O2 molecules become significant with temperatures
above 800 K. Oxygen molecules start dissociating at 2500 K, nitrogen at 4000 K and ionisation occurs
above 9000 K [3]. While ionisation might be the concern of re-entry vehicles and is above the usual
velocities involved in scramjets, dissociation can in fact be a problem, altering air and flow properties
considerably. The temperatures required for dissociation are even lower at the lower pressures typical
of the high altitudes targeted for scramjet operation, demanding consideration for high temperature gas
effects in scramjet design.
(a)
(b)
Figure 2.3: Contours of (a) Mach number and (b) density along a Mach-12 REST scramjet engine.
Adapted from [5].
The flow through a scramjet engine can be highly complex and non-uniform, as can be seen in
Fig 2.3, which shows the numerical results of Mach number and density contours through a Mach-12
rectangular-to-elliptical-shape-transition (REST) scramjet engine [5]. Flow is from left to right. Details
of the REST intake geometry and performance can be found in [111]. In a typical scramjet, free-stream
flow is initially processed by the intake shocks, where it gets compressed, increasing pressure and
10
2.1. SCRAMJETS
temperature and reducing Mach number. This leads to a highly non-uniform flow-field in the combustor
as these intake shocks interact and re-direct the flow, causing a shock train that moves through the
combustor. Figure 2.3 illustrates this non-uniformity: pockets of higher density or lower Mach number
that stretch and move around the combustor as the flow moves downstream. Certain configurations try
to reduce these non-uniformities, such as with the shock-on-lip condition that tries to annihilate the
intake shocks on the engine cowl, but this only works for a specific flight condition as the shock wave
angles change with velocity.
Figure 2.4: The non-uniform intake of a thermal compression scramjet engine. Adapted from [122].
Figure 2.5: Schematic of a radical farming engine. Adapted from [24].
But these non-uniformities can be used advantageously. The flow inside the REST engine pictured
above contains a series of vortical structures and shock-induced non-uniformities that contribute to
fast fuel mixing and burning [5]. The concept of a thermal compression engine, in which the inlet has
a varying turning angle in the span-wise direction, as shown in Fig. 2.4, uses this non-uniformity in
its favour. The high-compression side ignites the fuel and promotes combustion, which increases the
11
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pressure and releases heat. This pressure increase compresses the low-compression side, promoting
combustion there [23, 122].
Another engine concept which takes advantage of non-uniformities is the radical farming engine [18,
24, 72]. It is a low-compression engine, in which combustor pressure and temperature are insufficient
for robust combustion. It achieves combustion by the production of combustion radicals in successive
hot pockets, regions of higher temperature and pressure behind each shock wave in the shock train
formed in the combustor. With each hot pocket, the concentration of radicals increases until combustion
is achieved. A schematic of a radical farming engine is shown in Fig. 2.5.
Figure 2.6: Scramjet flight corridor. Adapted from [113].
All these non-uniformities are already present on a specific flight condition and further non-
uniformities are present if the inflow condition changes. In an accelerating access-to-space scramjet
vehicle, the flow through the engine changes with its trajectory. Figure 2.6 illustrates a flight corridor
for scramjets [113]. It is limited in its upper bound by air-breathing operation requirements, which
need to provide enough air at high enough pressure for combustion; and at its lower bound by structural
limitations, due to the high pressures obtained in high-Mach number flight at lower altitudes. Following
the trajectory, as the scramjet vehicle increases in altitude, it also accelerates, increasing Mach number.
The increase in altitude reduces air density, but the increase in Mach number raises the compression
ratio to counteract. The angles of the shock waves also change, becoming smaller with increased Mach
number, therefore closer to the vehicle, changing the flow structure inside the engine as the shock
train is displaced. As the shock train is a major contributor to the non-uniformity in the flow, the
displacement of the shock train over an accelerating trajectory compounds on these non-uniformities.
This means the scramjet flow is not only non-uniform as discussed above, but a changing trajectory
leads to non-uniformity due to the changes in inflow conditions and Mach number. It is unavoidable
then that experiments and simulations need to reproduce flow non-uniformities to properly represent
the fluid dynamics processes in scramjet engines.
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2.1.1 Combustion in scramjets
Combustion presents one of the biggest challenges for scramjet development as the velocities in
the thousands of meters per second over the engine means only milliseconds are available, between
air capture and exhaust, to inject, fully mix, ignite and burn the fuel with the required efficiency, a
process which is certainly not trivial [53]. For example, scramjets for access-to-space systems would
require combustion efficiency of at least 80% [115]. These access-to-space scramjets, in accelerating
trajectories, would require operation over a high range of Mach numbers, pushing the velocities as high
as possible to prolong the operation of the scramjet stage. As it is, at such high velocities it becomes
increasingly difficult to generate the positive net thrust required for acceleration [7, 81, 114]. As the
kinetic energy in the flow increases sharply with its velocity, the capability of adding energy to the
flow through combustion is reduced, putting even greater demand on higher combustion efficiency. For
example, for a scramjet engine operating at Mach 16 with injection of hydrogen at unity equivalence
ratio (stoichiometric ratio), combustion adds only a quarter of the kinetic energy present in the air-
stream [107]. This cannot be solved by having a longer combustor, which would allow the combustion
process to continue until efficiency was high enough. Drag in the combustor and nozzle is responsible
for up to 60% of total skin friction drag in scramjets [120]. A longer combustor would prohibitively
increase the overall drag in the engine. When pairing that with the disproportionate increase in drag
when compared to the reduction in relative heat release with increased flight velocities [79, 103], it
becomes clear longer combustors are not a solution. While for low Mach numbers, trial-and-error and
empirical approaches have been suitable for achieving high performance designs, the success of these
techniques has been limited for higher flow velocities [33].
With all this in mind, robust design from the ground up is key to achieving high-performance
scramjet engines. This requires not only thorough ground testing in experimental facilities, but also
dependable and accurate computational models, and understanding of the governing physical effects.
While aerospace applications rely more and more in CFD for design, the progress in certain fields
of hypersonics simulations is slower due to its focus on academic research and (current) lack of
industrial appeal pushing forward the developments. One such field of simulation is that of supersonic
turbulent combustion. While turbulent combustion in itself is a complicated phenomenon, models exist
that successfully simulate it in certain subsonic conditions. However, the extension of such models
to the even more complex phenomenon of supersonic turbulent combustion is limited at best, and
uncertain in their application as supersonic turbulent combustion in scramjets is not fully understood.
Knowledge is lacking on what regimes are present in a scramjet engine, and what the processes are
within each regime. Yet CFD is of great importance to scramjet development. Test flights are expensive
and complex, and ground testing facilities, while successful in reproducing flight conditions, present
limitations in terms of model scaling, short test times, and high costs for testing, even if cheaper
than test flights. Simulations are also more malleable in terms of testing multiple inflow boundary
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conditions with little effort, while an impulse facility requires, for example, a different nozzle for
each free-stream Mach number tested. In order to validate these computational models, or even create
new, more wide-ranging ones, it is important to first understand the physics of turbulent combustion
in scramjets, which can only be achieved in proper experimental testing, paired with high-fidelity
computational simulations. This would provide both the physical understanding of the process of
supersonic turbulent combustion necessary to describe the phenomenon and develop models, and
experimental data that can be used for validation of these models.
2.2 Turbulent combustion
Combustion processes are widespread and their importance cannot be overstated in today’s technology
and industry. Most of the energy we generate and consume is derived from combustion processes,
mainly of fossil fuels in thermoelectric power-plants. The absolute majority of our transportation
systems rely on internal combustion engines [13]. In most of these applications, combustion is turbulent.
This is, first of all, desirable. Turbulence in the flow increases mixing, which enhances combustion. It
is, however, unavoidable in most cases: heat release from combustion expands the gas, changing its
density, which generates instabilities that promote transition to turbulence. In scramjet engines, where
the low residence times demand higher mixing rates, turbulence becomes a requirement. Hence why
understanding of turbulent combustion is so important to scramjet operation. But before delving into
the complications of supersonic turbulent combustion, we must explore in more detail what turbulent
combustion is and how it is treated with modelling and research.
Turbulent combustion presents many challenges to researchers. As turbulence is still one of the
big unresolved problems of physics, it is unavoidable that the physics of turbulent combustion still
remains not fully understood [15, 56, 90]. As most applications of fluid mechanics are turbulent, the
need to solve these problems has led to the development of turbulence models. These are mathematical
derivations of the Navier-Stokes equations, supported by closure hypotheses developed with empirical
data and dimensional analysis. The closure of turbulence models for high Reynolds number flows, used
in all classic turbulence models, is based on the eddy cascade hypothesis formulated by Kolmogorov
in 1941 [90, 99]. The theory states that kinetic energy is transferred from the large turbulent scales
down to smaller ones until it is dissipated by the viscous forces. These models have been used with
reasonable success to solve engineering problems of turbulent flows, which prompted the development
of similar models to the solution of turbulent combustion problems. This approach, however, is not
without its own issues. [35, 69, 90].
Combustion can be described in different modes. It is premixed when fuel and oxidiser are fully
mixed before reactions start, or non-premixed (or diffusion), where fuel and oxidiser are injected
separately and mixing and burning occur at the same time. While this distinction is useful in developing
physical models to describe turbulent combustion, it may not be enough to describe the case of
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partially-premixed combustion, where there are regions of premixed and non-premixed combustion in
the flow [35]. It is also accepted that premixed combustion is an intrinsically more difficult process
to model compared to non-premixed [15]. Scramjet engines operate in all modes, as there can be
regions where unmixed reactants are in conditions suitable for combustion, and regions where they are
capable of mixing before reactions can start [36, 38, 87]. Initial fuel injection causes non-premixed
combustion as unmixed reactants begin burning in regions suitable for combustion, such as hot pockets
and through shock waves. Simultaneously, premixed combustion happens where reactants had the
time to mix before reaching ignition conditions. This is an ongoing process influenced by the flow
non-uniformities, reaction and mixing rates [36, 37].
Combustion reactions start with an initiation reaction which breaks apart reactant molecules to
form radicals. These radicals, usually highly reactive, start a process of chain reactions, where they
combine to produce more radicals, which in turn react further producing even more radicals. These
chain reactions release heat, which supplies energy to keep the chemistry going. This chain ends when
radicals combine to form a stable molecule, terminating the chain reactions. These stable molecules
can be the final combustion products, completing the combustion process, or stable radicals that break
the reaction chain. For all this to happen, mixing of reactants must occur on the molecular level, which
is on a smaller scale than the smallest turbulent eddies of the eddy cascade hypothesis. Different
reactions also have different time scales, which in turn can be different than the turbulent time scales.
Heat released by chemical activity affects the reaction rates and changes the flow density, which in turn
affect chemistry even further. This leads to unavoidable coupling between chemistry and turbulence
effects. All this illustrates the difficulty inherent in modelling turbulent combustion [69, 90].
Finally, when turbulent and chemical time scales differ such that chemistry is fast compared to
turbulence, combustion can be termed as having fast chemistry. In this situation, chemical reactions
proceed faster than the turbulent flow is capable of mixing reactants, leading to mixing-limited
combustion. Slow chemistry, on the other hand, has faster turbulence than chemical time scales. In this
case, combustion is reaction-limited, i.e. the reactants mix fully before reactions are concluded. In
scramjet engines, these time scales are usually in the same order of magnitude [81].
2.2.1 Existing combustion models
Many models have been developed over the years to solve turbulent combustion problems. These
models tend to focus on a specific combustion mode (premixed or non-premixed) and assume different
paradigms for each case. While it is not in the interest of this thesis to evaluate in detail the many
available models, a brief overview is given of the state-of-the-art in turbulent combustion modelling.
Non-premixed turbulent combustion happens when fuel and oxidiser are introduced separately, and
then are simultaneously mixed and burned. Reactants do not exist in the same place at the same time.
The flame sits in the interface between them, where stoichiometric proportions exist and reactions
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Table 2.1: Paradigms in non-premixed turbulent combustion modelling [15].
Paradigm Chemistry Mixing
Mixing controlled [52] Fast for major species Scaling laws and second-order
closures
Laminar flamelet [89] Pre-calculated tables Laminar counter-flow and
second-order closures
Probability density function
(PDF) approach [100]
Already closed/reduced
mechanisms
Mixing models
Conditional moment closure
(CMC) [66]
Closure in terms of conditional
moments
PDF integrals
Multiple mapping conditioning
(MMC) [65]
Closure in terms of conditional
means
Mapping closure
happen.
As mentioned before, non-premixed turbulent combustion is considered an inherently more tractable
problem than premixed combustion, and many paradigms have been developed over the years to solve
it. These paradigms take into account the chemistry (e.g. fast chemistry) and the mixing (e.g. mixing-
controlled). Some of the major paradigms are listed in Table 2.1 [15]. The models developed from
these paradigms have been used with varying degrees of success [15, 90]. The reader interested in
details of these models is referred to the references in Table 2.1.
Premixed combustion happens when reactants are already fully mixed before conditions are suitable
for combustion. In this case, reactants and products do not exist in the same place at the same time,
and the flame propagates through the reactants on one side, leaving products on the other. Unlike
non-premixed turbulent combustion, the premixed case has one major paradigm, that of Damköhler
[30], and several extensions from that, such as Bray-Moss-Libby models [19–22, 70], coherent flamelet
models [74], the level set approach [90] and thickened flame-front [15]. The Dahmköhler paradigm
itself originates from that of laminar premixed flames. A thin flame front propagates perpendicularly
with a speed dependent on temperature, pressure and concentration of the unburned mixture. Mixing
in this case happens due to diffusion effects [15, 90].
Finally, partially-premixed turbulent combustion is a category of its own. It has characteristics of
both premixed and non-premixed combustion. Many practical applications of turbulent combustion
are in fact partially-premixed as rarely are the reactants fully mixed before entering the combustion
chamber (premixed), or introduced completely separately (non-premixed), rather existing between
these two extremes and preferably using the advantages of both [90]. In situations in which there are
no stoichiometric mixtures, i.e. in non-uniform combustible mixtures where there are fuel-rich and
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fuel-lean regions, partially-premixed combustion can be termed stratified premixed combustion and
the flame is similar to a premixed flame as reactants approach from the same side. On the other hand,
if the mixture contains stoichiometric regions, the flames may contain characteristics of premixed and
non-premixed flames. This is referred to as premixed/non-premixed combustion and is a more complex
condition [15]. As mentioned previously, supersonic turbulent combustion in scramjet engines is
partially-premixed, and more specifically premixed/non-premixed, as regions of both fuel-rich and fuel-
lean mixtures exist, as well as locations in which the mixture will be stoichiometric. Existing models
may therefore be unsuitable to accurately describe combustion in scramjets, as they are developed for
specific conditions and focus on a single mode and/or few regimes. The models are also developed for
subsonic combustion, not tuned to deal with compressible effects resulting from the supersonic speeds
that are dominant in scramjet engines.
2.2.2 Turbulent combustion regimes
A common approach for treating turbulent combustion is the derivation of models based in physical
analysis and the investigation of the multiple length and time scales that are present in the combustion
process. These scales define parameters, which can be used to differentiate turbulent combustion
regimes. Models are built based on these regimes. A thin, continuous flame, for example, behaves
differently and cannot be modelled in the same way as pockets of reaction zones [96].
Two important non-dimensional parameters used to classify premixed turbulent combustion regimes
are:
Da =
τt
τc
=
sLlt
v′lF
(2.1)
Ret =
v′lt
sLlF
(2.2)
where Da is the turbulent Damköhler number and Ret is the turbulent Reynolds number. The terms
sL, lt , v′ and lF are, respectively, laminar flame speed, turbulence length scale, eddy turnover velocity
and flame thickness. The Damköhler number is a ratio between the turbulent and chemical time scales
and represents the interaction between them. Two broad combustion regimes can be defined using the
Damköhler number. When Da 1, there is slow chemistry, leading to well-stirred flows, or distributed
reactions zones. The other condition, when Da 1, leads to fast chemistry and reaction sheets, where
reactions occur in sheets controlled by mixing [69]. The turbulent Reynolds number represent the
ratio between eddy turnover velocity times its size, and flame speed times its thickness. For Re < 1,
the product of the eddy’s size and turnover velocity will be much smaller than that of the flame, in
which case turbulence effects are negligible and the flame is laminar. The Damköhler and turbulent
Reynolds number can be used for both premixed and non-premixed turbulent combustion [69, 128].
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Care must be taken when defining these parameters. There are many definitions of the Damköhler
number, depending on the time scales selected. Selecting the appropriate physical definitions is not
necessarily trivial [69]. Care must also be taken with v′, as it is difficult to define in the premixed flame.
Turbulent combustion models assume that turbulence is characterised by the RMS velocity v′ and the
integral scale lt . However, there are no theoretical basis to use the velocity v′, or the turbulent kinetic
energy, in a premixed flame, as it is well defined only far from the flame front. On the flame front, its
value is dependent on intermittency, which is itself "probably poorly evaluated anyway, because usual
turbulence models do not take into account variable density effects induced by flame fronts" [96]. And
yet v′ is used in most existing simulation codes to define a turbulent time for combustion models even
if the methodology is questionable.
There are other non-dimensional numbers useful in determining the boundaries between the
premixed combustion regimes. Modifying the Damköhler number by introducing the Kolmogorov
length scale, η , and using its associate time scale in place of the turbulent time scale, the first Karlovitz
number can be defined:
Ka =
1
Daη
=
τc
τη
=
l2F
η2
=
v2η
s2L
(2.3)
The Karlovitz number relates the flame thickness with the dissipative scale, or the velocity of the
eddies in the dissipative scale with the flame velocity.
Introducing yet another length scale, the flame inner layer lδ , and using it in place of the flame
thickness l f in the first Karlovitz number, the second Karlovitz number can be defined:
Kaδ =
l2δ
η2
= δ 2Ka (2.4)
where δ relates the inner layer to the flame thickness, lδ = δ lF . Both Karlovitz numbers can be used
to define the turbulent combustion regimes for premixed flames. The first Karlovitz number gives
the ratio between the flame thickness and the dissipative length scale. When Ka < 1, the smallest
eddies are larger than the flame and are only capable of wrinkling it. This is the flamelet regime, which
can be subdivided in two: wrinkled flamelets and corrugated flamelets. In the former, where v′ < sL,
the eddies cannot keep up with the laminar burning velocity, leading to laminar flame propagation.
The turbulence, therefore, is incapable of greatly disturbing the flame front, only wrinkling the flame.
This regime has little practical application [90]. In the corrugated flamelet regime, the entire flame
reactive and diffusive structure is inside the dissipative scale eddies (lF < η), where viscous forces are
predominant and the flow is quasi-laminar, leading to quasi-steady flame structures that are unperturbed
by turbulence. There is a kinematic interaction between the flame and the larger eddies in this case.
Since Ka < 1, the velocity of the eddies in the Kolmogorov scale is smaller than the burning velocity,
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which is smaller than the eddy turnover velocity for larger eddies (v′ > sL > vη ). The Kolmogorov
scale eddies cannot disturb the flame, but the larger ones can and will move the flame front substantially,
leading to severe corrugation.
When Ka> 1, the dissipative scale eddies are smaller than the flame and can penetrate it, enhancing
mixing inside the flame. However, for Kaδ < 1, these eddies are still bigger than the inner layer and
cannot interact with it. This is the thin reaction zone regime, the upper limit of which found when
Kaδ = 1, which corresponds to Ka = 100 (Eq. 2.4), and agrees approximately with the boundary of
the flamelet regime determined in numerical studies [98]. When Kaδ > 1, the eddies of the dissipative
scale are smaller than the inner layer of the flame and therefore capable of entering it. The perturbations
they cause then lead to a local breakdown of the reactions and flame extinction. This is the broken
reaction zones regime.
These regimes can be plotted in a diagram of turbulent combustion regimes. Many different
versions of such diagrams have been proposed over the years [1, 17, 90, 97, 128]. A version of the
diagram for premixed turbulent combustion regimes is shown in Fig. 2.7a.
For non-premixed flames, the definition of regimes is not as straightforward as with premixed
flames. The flames do not propagate, but diffuse. There are no intrinsic velocity scales such as the
laminar burning velocity sL, and consequently no flame thickness that can be used as length scale.
Since all regimes for premixed flames have been defined in terms of a length ratio and a velocity ratio,
the same approach cannot be directly applied for non-premixed flames [90, 98, 125]. Instead, different
scales need to be determined. Defining the mixing layer thickness as:
ld ≈
(
D
χ˜st
)1/2
(2.5)
where D is the diffusion coefficient and χ˜st is the conditional mean value of the scalar dissipation rate
for stoichiometric mixture fraction Zst . The mixture fraction is an important parameter in non-premixed
turbulent flames but is outside the scope of this thesis. Readers interested in a detailed definition
can find it in [14, 90]. As in premixed turbulence, when the flame thickness is of the same order of
magnitude as the dissipative scale, the reaction zone can be affected and altered by turbulence. When
the velocity fluctuations are capable of transporting heat and species faster than diffusion in the flame,
the flame is no longer a laminar flamelet. This means the length and time scales in non-premixed flames
are very dependent on the local flow conditions, and the mixing layer thickness can be rewritten [96,
125]:
ld ≈ α1lη (2.6)
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Figure 2.7: Regimes of (a) premixed [90] and (b) non-premixed [125] turbulent combustion.
χ˜st ≈ α2τη (2.7)
with α1 ≥ 1 and α2 ≤ 1. Defining the turbulent Reynolds number as τt/τη =
√
Ret , and the Damköhler
number for the non-premixed flame structure as Da f l = 1/(χ˜stτc), the original Damköhler number
defined in Eq. 2.1 can be rewritten:
Da =
τt
τc
=
τt
τη
τη
τc
≈ τt
τη
α2
χ˜stτc
≈ α2
√
RetDa f l (2.8)
By plotting logDa× logRet in the same way as for premixed flames, the regime diagram for
non-premixed flames can be obtained as shown in Fig. 2.7b. In Eq. 2.8, the term Da f l refers to specific
lines of slope 1/2 in the diagram. For high Damköhler numbers, when chemistry is considerably faster,
the flame is laminar, as chemistry happens before turbulence can influence its structure. When the
chemistry is slow, i.e. for lower Damköhler, turbulence affects the flame, disrupting reactions and
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causing flame extinction. By plotting a regime diagram such as the one in Fig. 2.7b, these conditions
would be defined by Da f l ≥ DALFA and Da f l ≥ DAext, respectively, where "LFA" stands for laminar
flamelet assumption and "ext" for extinction.
With all this said, the caveat remains that these regime diagrams, particularly for non-premixed
combustion, are somewhat arbitrary. Their definition relies heavily on order of magnitude analysis
and makes strong assumptions that may not necessarily be true. It is no coincidence then that many
different diagrams, with different parameters, are available in the literature [96], developed with
specific applications and settings in mind. As will be discussed in Section 2.2.4, these do not translate
very well to supersonic conditions. As it is, the main thing to take away from this analysis is that
turbulent combustion is not a single uniform phenomenon and there are many different conditions in
which it can happen, hence the need to properly experimentally characterise the supersonic turbulent
combustion process in scramjets. Only through experimental investigation is it possible to gain better
understanding of the underlying processes.
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Figure 2.8: (a) Change in the boundary of combustion regimes with Mach number, adapted from [56].
(b) Results of supersonic turbulent combustion regimes from [4] (red area), [56] (blue area), [9] (green
area), [10] (purple dot) and [27] (orange dots), compiled by [42]. (c) Large-Eddy Simulations of
combustion regimes in a scramjet engine [42].
All this considered, there is still the specific case of supersonic turbulent combustion, which adds
further complications. Analysis of the effect of Mach number on the boundary between the regimes of
premixed turbulent combustion indicates these boundaries shift with Mach number, as can be seen
in Fig. 2.8a [56]. This happens due to compressibility effects on flame speed, which changes by a
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factor of
√
1+2M2, moving the regime boundary lines upwards with increased Mach number. There
have been several attempts at defining the turbulent combustion regimes in a supersonic flow, with a
few compiled in Fig. 2.8b. The aforementioned work [56] did theoretical mathematical analysis to
conclude that many regimes could be present, from distributed reaction zones to flamelets, including
thin and broken reaction zones, while LES simulations of the SCHOLAR experiment [27] obtained
similar results. A different set of simulations of a scramjet combustor [10] resulted in a narrower range
of regimes, while calculations performed by Balakrishnan and Williams [4] placed the regimes further
in the thin reaction zone. The SCHOLAR experiment and other results are discussed in more detail on
Section 2.2.3. Finally, results for LES performed on a complete scramjet engine by Gehre [42] are
shown in Fig. 2.8c. These were performed on the experimental engine used by Boyce et al. [18], a
radical-farming scramjet engine with a single compression ramp and four span-wise injectors. The
results shown are the Damköhler and turbulent Reynolds number values for every cell in the domain,
coloured according to their position along the engine. These results indicate that the range of regimes
in a scramjet can be much wider than what was obtained previously, and any regime can be present
along the combustor, changing from one to the other as the combustion process develops in the engine.
The results were obtained using a quasi-laminar model for chemistry-turbulence interactions, which
is potentially not fully representative of the combustion process [43, 92] as it does not account for
turbulence-chemistry interaction. In combustion processes in turbulent flow, chemistry and turbulence
interact, both mutually affected. Heat release from combustion increases temperature, which changes
viscosity, and accelerates the flow through the flame front, modifying turbulence. Turbulence, on the
other hand, interacts with the flame structure, altering it [90, 125], as discussed above. This process
is usually modelled in simulations. The simplest way to treat turbulence-chemistry interaction is
by considering laminar chemistry, also referred to as the quasi-laminar modelling which Gehre [42]
used. This approach has no dedicated modelling of turbulence-chemistry interactions, using finite-rate
chemistry to close the chemical source term in the equations (see Section 3.2.5). Therefore, the effect
of heat release on turbulence is only the effect of temperature increase on the overall flow-field, and the
laminar flame is unaffected by turbulence. On the other hand, models which account for turbulence-
chemistry interaction do so through mathematical equations to obtain closure to the chemical source
terms, such as the flamelet model, which calculates the position of the flame, or the assumed probability
density function (PDF) model which uses a PDF transport equation for the reactive scalars [69, 90,
125].
This analysis once again demonstrates the need of experimental investigation to characterise the
combustion regimes in scramjets. Experimental data provides insight into the physical mechanisms and
provide a basis for validation of computational models. If no overarching computational models exist
that can tackle all combustion regimes or combustion modes, experimental data needs to be obtained
to allow the development of these models.
All this reinforces how complicated it is to define turbulent combustion and its supersonic variant.
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The regimes are defined through assumptions whose physical significance is questionable in some
cases. The boundaries between the regimes are not clear, or based on quantities that are hard to define,
such as eddy turnover velocity or chemical time scales, and on top of that susceptible to compressibility
effects that means they change with Mach number. Not only that, but for the specific case of scramjet
combustion, it is still uncertain how many and which regimes are present and results seem to indicate
the answer is all of them. Finally, these scramjet combustion results are presented in the literature
exclusively in the diagram for premixed combustion regimes mode - non-premixed combustion seems
to be ignored.
This leads again to the question of whether the available combustion models are suitable for
simulating supersonic combustion in a scramjet. If as many regimes are present as these results
indicate, current models, usually limited to a few regimes and paradigms, would have difficulty
dealing with all this complexity. But experimental data is needed to confirm these numerical and
theoretical results. The following section provides an overview of the available experiments on scramjet
combustion, followed by an overview of simulation and modelling work in Section 2.2.4.
2.2.3 Supersonic turbulent combustion experiments
This section provides an overview of the existing scramjet experiments which focus on investigating
supersonic combustion. The simulations in Fig. 2.8c were based on a previous experiment [18]
performed with a radical farming engine. An attempt was made to re-analyse the experiment [42], but
unfortunately most of the data was lost and only a few tests were available for this analysis. In order to
compare the simulations with the experimental results, due to this loss of data, several assumptions
had to be made. Gehre [42] found out that the engine was susceptible to unstart with the fuelling
rate given in the experiment, only succeeding to run the simulations with lower fuel rates. There
was also a question regarding the stability of the experiment, as minor enthalpy changes tended to
choke the engine. In spite of these issues, Boyce et al. [18] obtained OH-PLIF images of the front
of the combustor, which provide instantaneous information of the flame structure. These images are
obtained by using a laser sheet to excite the OH molecules in the flow and observing the subsequent
fluorescence. A more detailed explanation is given in Section 3.1.5.
Another relevant experiment is the one performed by Lorrain [72]. It was also a radical farming
scramjet with a 380-mm long combustor. Its test conditions were more representative of actual flight
than previous radical farming experiments, with a flight-equivalent condition of M = 9.1 and H = 29.5
km. The experiment employed flow visualisation in the form of chemiluminescence of excited OH
molecules. Chemiluminescence images are integrated across the field of view and averaged over time,
depending on exposure settings, indicating locations of increased chemical activity. The experiment
provided good insight on the behaviour of radical farming engines.
While these are both interesting results, they are limited in the goal of characterising turbulent
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combustion in scramjets. Combustion in a radical farming engine is limited by radical production at
each subsequent hot pocket, meaning robust combustion does not start for a considerable length of the
combustor. Characterisation of the full turbulent combustion process with its changing regimes would
require more vigorous combustion to happen, induced by the primary shocks in the intake, preferably
with an early ignition that would allow the process to develop and any changes in the combustion
regimes to be observed. Furthermore, in the experiments by Lorrain [72], the chemiluminescence
images are integrated through the field of view and averaged over time, which means details of local
structures in the flow are lost, giving only a general idea of where chemistry is occurring. In the case
of Boyce et al. [18], while OH-PLIF gives local instantaneous behaviour, the focus on a single region
of the combustor limits the information that can be obtained about the overall combustion process.
More images from other parts of the combustor would be useful to further validate the numerical
simulations performed by Gehre [42]. Both experiments also used multiple injectors and, as Lorrain
[72] points out, the mixing behaviour changed significantly with the equivalence ratio, possibly due to
the merging of fuel plumes. The use of a single injector, centred on the engine symmetry plane and
with low equivalence ratio, could mitigate this issue.
There are also several experiments available that were performed with direct-connect combustors.
For example, the SCHOLAR experiment, designed for the validation of CFD codes capable of
simulating supersonic combustion [27, 34]. In this experiment, the combustor is supplied with hot
vitiated air, into which hydrogen is injected. The flow in the experiment is relatively uniform, with
disturbances arising mainly from the bow shocks of the injectors. Simulations of the experiment set the
combustion regimes for this configuration mostly in the thin reaction zone and flamelet regimes [27].
The authors’ conclusion was that more experimental data is required for proper understanding of the
regime where supersonic combustion occurs.
Johansen et al. [64] performed an experiment similar to the SCHOLAR experiment, with a direct-
connect combustor, also supplied with vitiated gas. The experiment used OH-PLIF to visualise the
flow at several cross-sectional planes along the combustor. While the images obtained with OH-PLIF
provide detailed information as to how radical production and combustion develop along the engine,
there are a few caveats as to the usefulness of this data. First, the flow is again very uniform, as is
usual for direct-connect experiments, apart from some asymmetry with the injector. Second, no other
data is provided apart from the OH-PLIF imaging, such as wall pressure data, which could assist in
the determination of the flow physics in the combustor. Lastly, the experiments were performed for
an equivalent flight condition of Mach 5, just into the hypersonic regime, and much lower than the
high Mach numbers of interest to this study, which aims to analyse the behaviour of scramjet systems
operating at Mach 10, closer to the higher velocities expected of access-to-space vehicles.
Berglund and Fureby [10] performed LES of an experimental setup in which a row of injectors
sits in the centre of the flow, in the back of a wedge facing the incoming flow. This wedge generates
oblique shocks that create a shock train in the tall combustor, which introduce some non-uniformity in
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Figure 2.9: Schematic of the combustor model used by Gamba et al. [40].
the flow, but these are quickly dissipated amidst the shocks created by fuel injection. The LES was
performed with flamelet models for chemistry-turbulence interaction modelling, achieving reasonable
agreement with experiment. The injection of hydrogen in the direction of the flow means the structures
around the injector are different from the usual porthole configuration injecting at an angle, as is most
common in scramjet designs. No details are given as to the flight equivalent conditions, but with flow
entering the combustor at Mach 2, the experiment is most likely more representative of lower Mach
numbers in the lower limit of the hypersonic regime.
Finally, Gamba et al. [39, 40] performed experiments on a combustor with a shock generator to
reproduce realistic scramjet combustor conditions. This is a relevant and important experiment in
supersonic combustion and is discussed in detail here. A schematic of the model is provided in Fig 2.9.
The configuration consists of a 75-mm wide combustor with a height of 15 mm. It has a 10° shock
generator at the inlet. A single injector with a diameter of 2 mm is situated 70 mm from the leading
edge at the centre plane.
The shock generator was introduced to create a shock train and mimic the structures seen in
scramjet engines. The model is equipped with ample optical access and OH-PLIF was used to visualise
the flame structure along the entire combustor. The experiment was performed in an expansion tube
with free-stream conditions of approximately p = 40 kPa, T = 1200 K, and M = 2.8. Fuel equivalence
ratios of 0.08, 0.23 and 0.44 were tested. The OH-PLIF results are shown in Fig. 2.10.
These results indicate that reactions take place at the edge of the fuel plume, along thin reaction
sheets or flamelets, for every case. Thicker reaction zones are present only in Fig. 2.10c where the
fuel plume hits the opposite wall, resulting in boundary-layer burning. These seem to indicate there is
little mixing and fuel immediately burns as it gets in contact with the air around the fuel plume. This is
likely due to the flow conditions around the injector being sufficient for hydrogen autoignition, as the
free-stream conditions themselves are close to the required conditions [113]. The conditions behind
the oblique shock from the 10° shock generator, where the injector is, are even higher. While these
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(a)
(b)
(c)
Figure 2.10: OH-PLIF results for (a) φ = 0.08, (b) φ = 0.23 and (c) φ = 0.44 [39, 40].
conditions are not given, estimating with oblique-shock relations would give p≈ 80 kPa and T ≈ 1470
K, which are well above the 50 kPa/1000 K requirement for hydrogen autoignition.
As said before, these are relevant experiments, but how representative they are of combustion in a
scramjet flight vehicle is questionable. The shock structure created by the 10° ramp is rather weak,
with a contraction ratio of 1.5, whereas scramjets usually present higher contraction ratios and stronger
shocks. However, this work is much better in capturing realistic flow structures than the uniform
direct-connect inflow used in other experiments, but is still arguably not strong enough to create the
non-uniformities expected in scramjets. Furthermore, it is not representative of inlet-injected scramjets,
where the fuel is injected in the inlet ramps into a flow that is still not fully compressed. The extra
length gives the fuel more time to mix before burning, which could change the flame structure and
consequently regimes. As discussed above, the flow conditions around the injector are very hot and
with high pressure, which most likely causes mixing-limited combustion, leading to the observed
localised reactions in thin zones. A complete, inlet-fuelled scramjet engine would provide more
realistic flow conditions than a simplified model.
2.2.4 Supersonic turbulent combustion modelling
On the modelling side, little has been done to compare the accuracy of different combustion models in
a scramjet engine. Chakraborty et al. [26] used DNS simulations of a confined supersonic mixing layer
of hydrogen and air to compare the capability of different empirical combustion models in predicting
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mean reaction rate. They showed the models based on fast chemistry approximation over-predicted
the reaction rates by two orders of magnitude. The Eddy Dissipation Concept (EDC) models based
on finite-rate chemistry had good agreement for the reaction rates but predicted a thinner reaction
zone. The simulations were performed in a combustor with what can be assumed to be uniform inflow
with Mach number of about 4. Even with the focus on only reaction rates and zones, and under those
uniform conditions, the models were shown to differ in their results. Roux et al. [105] performed
experiments for a ramjet engine with two different LES solvers, each using a different combustion
model. Even though the paper does not focus on the details of combustion, some difference could be
observed between the models, particularly the location of the reaction zones. Even though combustion
in a ramjet is subsonic, there are still disparities between the models employed and it is reasonable
to assume this disparity could be even greater in a scramjet engine if a greater range of combustion
regimes is present. Cocks et al. [27] used the results from the SCHOLAR experiment to compare
the assumed probability-density function (PDF) model to quasi-laminar chemistry, where the PDF
model presented no improvement in agreement to the experimental results. Similarly, Gao et al. [41]
compared a flamelet model, modified for supersonic combustion, to quasi-laminar chemistry using two
sets of experiments for validation. In neither case the flamelet model improved the agreement with
experimental data, in fact performing worse than the quasi-laminar chemistry.
All this shows the important gap in supersonic turbulent combustion development, both experi-
mentally and in modelling. Modified, improved or even new models are needed to accurately tackle
the complexities of supersonic turbulent combustion, and adequate experimental data is required for
validation. This is what this study aims to provide: experimental data of the supersonic combustion
process in a Mach-10 scramjet engine.
2.3 Oxygen enrichment
Oxygen enrichment is the name given to the process in which oxygen is injected along with the
fuel in a scramjet engine, i.e. fuel is injected premixed with oxygen. It was proposed after cycle
analysis indicated that injecting fuel over stoichiometric ratios could lead to increased thrust at the
cost of specific impulse, with similar behaviour obtained when injecting inert gases along with fuel.
This led to the idea of injecting oxygen to burn the excess fuel, which was demonstrated to increase
thrust without affecting specific impulse [106], later confirmed in a subsequent study [95]. Given
the difficulties involved in generating positive thrust at higher Mach numbers, oxygen enrichment
seems like a promising solution, providing higher thrust and a bigger operational envelope, pushing
the limit for altitude and Mach number. In spite of this, very little investigation has been done to
test the suitability of the technique. Experiments indicated that the injection of oxygen with fuel led
to reduced ignition length, higher thrust and more efficient combustion [102]. Follow-up numerical
analysis of the experimental flow indicated increased turbulence and fuel mixing which led to higher
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combustion efficiency than what would be expected from the consumption of the injected oxygen
alone [94]. Further investigation is required to understand the mechanisms and the applicability of
oxygen enrichment to scramjet engines in access-to-space vehicles. Of particular interest to the current
study is the effect of oxygen enrichment on the supersonic turbulent combustion process, and how it
alters the combustion regimes, if at all. Would the addition of oxygen move the combustion process
towards premixed combustion regimes? Further investigation is needed to understand and quantify its
impact.
2.4 Summary
This chapter presented an overview of the literature relevant to this thesis. First, scramjet engine
development was explored, highlighting its proposed uses in an access-to-space vehicle given its
suitability to air-breathing hypersonic propulsion and its advantages over rocket engines in terms of
specific impulse, reusability and payload capacity. Its disadvantages were also explored, in particular
the technological obstacles that remain for sustained hypersonic flight in the atmosphere. The inherently
highly non-uniform flow in scramjets is discussed and its implications for the supersonic combustion
process that gives the scramjet engine its name. Combustion in scramjets is shown to have high
efficiency requirements for access-to-space vehicles, which is difficult to attain due to limitations on
combustor size due to high engine drag and the limitations of adding energy to the highly-energetic
high-speed flow. Good computational models are required to accurately predict the complex supersonic
combustion process and help in the design of better scramjet engines.
Following from the discussion of supersonic combustion in scramjets, an overview was provided
of turbulent combustion and the paradigms with which it is usually classified, particularly in terms
of being either premixed or non-premixed and how the available modelling techniques are based on
these paradigms to try and solve turbulent combustion. By defining specific length and time scales for
turbulence and chemistry, the non-dimensional Damköhler and turbulent Reynolds numbers can be
defined. The correlation between these numbers allows the determination of the turbulent combustion
regimes and the plotting of the regime diagrams. It was discussed how compressibility effects cause the
boundaries between regimes to change with Mach number and that supersonic combustion in scramjets
can occur in multiple regimes, and potentially all of them are present in the engine, raising concerns
about the suitability of current combustion models, which are designed with a few regimes in mind.
Research on scramjets, experimental and numerical, was discussed. It was observed that, while
there has been important work done on investigating supersonic combustion, an important gap remains
in our knowledge. Most research has been done with direct-connect combustors, which have a uniform
inflow that does not account for the shock-driven non-uniformities and flow structures present in
scramjets. Most results also focus on a specific region of the combustor, which isn’t representative of
the complete combustion process in the engine.
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Finally, an overview was given of oxygen enrichment in scramjets. While a potentially invaluable
technique for access-to-space scramjet vehicles, there has been little research done on the underlying
mechanisms and, of particular interest to this study, how it affects the supersonic turbulent combustion
process and its regimes in a scramjet engine.
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CHAPTER 3
METHODOLOGY
This chapter introduces the methodology used to obtain the results in this thesis. The first part contains
the experimental configuration, including facility, experimental model and instrumentation, fuel system
and test conditions. The second part contains the numerical methodology, with details on the solver
used and the formulation for both RANS and LES simulations.
3.1 Experimental methodology
The experiments in this thesis were performed in the T4 Reflected Shock Tunnel located at The
University of Queensland. A schematic of the tunnel is given in Fig. 3.1 [31]. The facility is capable of
producing high-enthalpy flight-equivalent hypersonic flow conditions, albeit for a short time, allowing
ground testing of scramjet vehicles to be performed. An experiment, referred to as a "shot", is done
by essentially producing a large pressure difference between compression and shock tubes. This is
achieved through the launch of a piston, loaded in a launcher sitting inside the reservoir at the start
of the compression tube. After the piston is loaded, the compression and shock tube are both first
evacuated to below 1 torr, and then filled with the desired gases. The compression tube (also called
driver) is filled with a mixture of argon and helium, while the shock tube (also called driven) is filled
with the test gas, usually air. When the reservoir is filled and the piston launches, it travels through
the compression tube, increasing the pressure of the driver gases until they burst the steel diaphragm
located in the primary diaphragm station. The pressure difference between compression and shock
tubes then drives a shock wave through the shock tube gas. This shock wave reflects at the end of the
tube, creating a stagnation region of very high temperature and pressure, bursting a Mylar diaphragm.
This stagnated flow goes through the throat of a converging-diverging nozzle and expands, producing
the high-velocity and high-enthalpy flow inside the test section and over the experimental model. What
is being done is essentially converting the high potential energy of the pressurised reservoir gas into
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Figure 3.1: T4 Reflected Shock Tunnel. Adapted from [31].
Figure 3.2: x− t diagram of T4 Reflected Shock Tunnel [31].
the high-enthalpy hypersonic flow over the experimental model using a piston to process the gases.
This process is given in the x− t diagram in Fig. 3.2. Further detail on the theory and processes of
reflected shock tunnels can be found in [57, 80].
The facility can be fitted with different nozzles to achieve different conditions. All the results in
this thesis were obtained with the Mach 8B contoured nozzle (M8B) [29], which is shown in Fig. 3.3.
This is in fact a Mach 7.6 nozzle, i.e. designed to expand the flow to Mach 7.6, with an area ratio of
271.04 and length of 1.11 m.
3.1.1 Experimental model
The experimental model was designed from scratch to perform the experiments discussed in this thesis.
It was designed by initially defining the desired combustor conditions and using oblique shock relations
with high temperature gas effects to achieve an intake geometry that could provide these conditions.
Reynolds-Averaged Navier-Stokes (see Section 3.2.2) simulations were then performed of the internal
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Figure 3.3: The Mach 8B nozzle. On the right is a view from the nozzle outlet.
Figure 3.4: Schematic of the experimental engine model. The closest sidewall is removed to allow
visibility of the internal flow path. Dimensions are in mm.
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flow path for verification until the final geometry was achieved. A more detailed explanation of the
design process is given by Moura et al. [84]. The final experimental model is shown in Figs. 3.4, 3.6
and 3.7. It is a quasi-two-dimensional scramjet configuration with symmetric ramp pairs consisting of
6° and 15° compression ramps, leading to a 16-mm-high combustor with a length of 400 mm. The
engine ends with a 15° diverging nozzle. There is a single porthole fuel injector, located in the intake
along the centre plane on one of the compression ramps, 80 mm upstream of the throat. The sidewalls
begin on the corner between the compression ramps and go until the end of the nozzle. The engine is
75-mm wide in this region. There are no sidewalls in the forebody and it is wider than the rest of the
engine, at 140 mm. This is to avoid any edge effects from going into the engine. A schematic of the
engine with its dimensions and components is given in Fig. 3.4.
The reasons for this configuration, with a wide, single-injector engine, are simple. Firstly, to make
the flow easier to simulate around the fuel plume. The single centrally-located injector will produce a
single fuel plume, expanding into the flow downstream. The wide engine guarantees that the plume
will not interact with the sidewalls or be greatly affected by any sidewall vortices. By also maintaining
low equivalence ratio, fuel penetration is limited, and the interaction of the fuel plume with the opposite
wall of the combustor is reduced. Therefore, computational simulations of the engine do not need high
resolution far from the fuel plume and the computational cost can be reduced. The second reason is to
facilitate the use of flow visualisation diagnostics in the form of OH-PLIF (see Section 3.1.5). It is
easier to parse the turbulent structures around the singular fuel plume. Multiple fuel plumes under the
effect of sidewall vortices would lead to complex interactions that would make analysis more difficult.
However, due to the low Reynolds number in the tunnel flow, and the associated propensity for the
flow to separate at the combustor inlet, or the engine to unstart, a saw-tooth blade trip was added to the
forebody to transition the flow, located 10 mm upstream of the wall closure. This is simply a saw-tooth
cutting blade with the teeth bent upwards to trip the flow, as shown in Fig. 3.5.
Figure 3.5: A saw-tooth blade boundary-layer trip.
Despite all this, the model is still a complete scramjet engine with intake, combustor and nozzle,
presenting all the flow non-uniformities expected of a scramjet engine. Fuel mixing and ignition are
driven by the intake shocks and the flow inside the combustor is still influenced by these shocks, being
far from uniform. This is to address what has been discussed in Section 2.2.3 and have an experimental
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arrangement where supersonic combustion can be evaluated in a complete and realistic scramjet engine.
The model was manufactured at the mechanical workshop of the School of Mechanical and Mining
Engineering at The University of Queensland. The manufacturing tolerances were defined to maintain
important dimensions such as the internal flow path and model position within strict values. The
tolerances for these dimensions are of the order of 0.01 mm. Most of the model parts are made of
aluminium, with the exception of the two leading edges in the forebody, which were made from
stainless steel as they are exposed to diaphragm shrapnel that can travel through the nozzle throat.
These are the dark grey parts in Fig. 3.4. The windows for optical access are made from fused silica
which transmits light in the UV wavelengths of interest to the OH-PLIF technique used for flow
visualisation (see Section 3.1.5).
(a) (b)
(c)
Figure 3.6: Configurations of the experimental engine. (a) Combustor front, (b) combustor rear and (c)
injector only, allowing OH-PLIF visualisation of each region respectively.
The engine model is reconfigurable so that flow visualisation can be performed from the injector to
the end of the combustor and instrumented with pressure sensors on the lower wall (see Section 3.1.3).
Three configurations are used to achieve this, which can be seen in Fig. 3.6. The closest sidewall has
been removed to allow visualisation of the internal flow path. Figure 3.6a retains the optical path
shielding and mounting structure, which are not present in the other configurations for clarity. All three
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(a)
(b)
(c)
Figure 3.7: Experimental model. (a) Parts used in combustor-front (CF) and combustor-rear (CR)
configurations and (b) injector-only (IO) configuration. (c) Combustor window used in the full engine
configurations (CF and CR).
configurations allow for OH-PLIF and schlieren visualisation of the flow, although the latter was only
done in the injector region. For the combustor front (CF) and combustor rear (CR) configurations, the
full engine is used and the sidewalls are rotated 180° between configurations. This moves the window
ports on the sidewalls to different parts of the combustor. The combustor wall opposite the injector
is a window, which allows the laser sheet to come down into the combustor. The injector only (IO)
configuration uses only the bottom half of the engine for visualisation of the flow around the injector
upstream of the throat. The flow on each compression ramp is influenced only by the shocks on its
side, as the intake shocks only interact and reflect further downstream. This means any visualisation of
the region just downstream of the injector is still representative of the full engine. As only half the
engine is used, pressure data in the combustor is not comparable with the other cases. Therefore, only
pressure data for the ramp is obtained in this configuration. The engine parts used in each configuration
are shown in Fig. 3.7.
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3.1.2 Fuel delivery system
The facility is equipped with a fuel delivery system for combustion experiments. A schematic for the
system can be seen in Fig. 3.8a. It consists of a gas bottle supplying a Ludwieg tube (LT) equipped
with a UNIK 5000 pressure transducer (PT). The Ludwieg tube extends into the test section, inside
of which there is an ASCO SCB223A series solenoid valve (SV). The solenoid valve regulates the
flow of fuel to the plenum (P) in the model, which is a chamber sized to supply fuel to the injector at
constant pressure and temperature. The plenum is equipped with a Kulite pressure transducer rated to
500 psi (see Section 3.1.3 for description of Kulites). The valve S selects between supplying fuel or an
inert gas, usually nitrogen, to the LT either for leak testing or in case of accidentally supplying too
much fuel into the system. Valve F is a flashback arrester to stop any ignitions within the system to
reach the bottles, B is a ball valve to control fuelling to the LT and V is the vent to the dump tank (DT).
Due to the short test time and the relatively long opening time of the solenoid valve, fuel is supplied to
the plenum ahead of the test time, with the trigger for the solenoid being the tunnel recoil, which has
little shot-to-shot variation. A typical pressure trace for the fuel plenum along with test time is given in
Fig. 3.8b.
The delay between the rise in nozzle supply pressure and the test time is due to two main reasons.
The first is the time it takes for the stagnation flow to fully expand over the nozzle and reach the model.
This time is of the order of the test time itself, approximately 0.5 ms for the Mach 8B nozzle, therefore
considerable. The second is the time taken for flow establishment over the model, i.e. the time needed
for the flow to become steady. This is considered to be three flow lengths [60], or the time it takes for
the flow to go through the entire model three times. Only after this is the flow considered steady and a
test time is taken. The length of the test time is limited due to the reduction of nozzle supply pressure
and the subsequent arrival of driver gases. The average test time for the campaign was approximately 1
ms.
The fuel in the plenum can be assumed to be nearly stagnated when fuelling is timed so that the
pressure in the plenum is nearly constant during the test time. Given the high plenum pressure, the flow
through the injector is choked and therefore sonic. The mass flow rate for the choked flow through the
injector can be written in terms of the Ludwieg tube and plenum pressures as:
m˙ f = α p
γ−1
2γ
LTi p
γ+1
2γ
0 , (3.1)
where α is a calibration constant. It accounts for losses within the fuel system, which reduce the mass
flow rate, and is specific for a certain configuration. Since neither α nor m˙ f are known, and the latter
cannot be measured directly, the former is determined by
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Figure 3.8: (a) A schematic of the complete fuel system and (b) a typical sensor reading for the plenum
with the test time.
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α =
(
VLT
RTLT
)
∆pLT
p
γ−1
2γ
LTi p
γ+1
2γ
0 ∆t
, (3.2)
where VLT , pLT and TLT are the volume, pressure and temperature of the Ludwieg tube, respectively.
Average plenum pressure is p0 and ∆t is the duration of the flow. The nominal values are given in
Table B.5.
Calibration is done by filling the system and manually activating the solenoid to release the fuel.
The initial and final pressures for the LT are recorded, from which ∆pLT is calculated. The plenum
pressure is also recorded, which generates a trace as the one in Fig. 3.8b. A time interval is then chosen
on the "plateau" in the pressure trace, which indicates the plenum is full. The average plenum pressure,
p0, is calculated over this time, when it is mostly constant. This is repeated for several different LT
initial pressures. The calibration provides the constant α , which allows calculation of the fuel mass
flow rate. The results of the calibration are given in Fig. 3.9. As can be seen, α remains essentially
constant with changing LT pressure, while the mass flow rate increases with the initial LT pressure.
3.1.3 Instrumentation
The T4 facility is equipped with a high-speed data acquisition system (DAQ) to record instrumentation
data from the model during the test. The DAQ consists of a National Instruments (NI) PXI-8196
Controller equipped with 16 NI PXI-6133 cards in a NI PXI-1045 chassis. There are three recording
frequencies in the system: short time base (STB) at 1 MHz, medium time base (MTB) at 200 kHz and
long time base (LTB) at 2.5 kHz. Sensors recorded on STB are all the model sensors, nozzle supply
pressure transducers and shock-timing stations in the shock tube. Data in MTB was obtained for the
fuel plenum. Ludwieg tube pressures, tunnel recoil and nozzle supply pressure were recorded in both
MTB and LTB.
Facility instrumentation
The facility is equipped with several pressure transducers to allow determination of the shot conditions.
The primary sensors are the nozzle supply pressure transducers, located at the end of the shock
tube in the stagnation block (see Fig. 3.1). These two sensors, spa and spb, are responsible for
the measurement of the stagnation pressure that supplies the nozzle and therefore the main tool in
determining the duration of the test time and conditions. Both sensors are PCB 108A04 piezoelectric
pressure transducers, shown in Fig. 3.10a and with sensitivity given in Tab. 3.1. An indicative response
trace for the stagnation probes is given in Fig. 3.10b.
The shock timing stations are the secondary facility sensors responsible for determining shot
conditions. They are each equipped with one PCB pressure transducer, named ST1, ST2 and ST3. The
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Figure 3.10: (a) Nozzle supply pressure transducers and (b) an example pressure trace for a shot.
Table 3.1: Sensitivity of the nozzle supply pressure transducers.
Serial number Sensitivity [V/kPa]
spa 20011 7.149×10−5
spb 20012 7.161×10−5
shock speed after diaphragm rupture can be determined by their response times and the known distance
between them of 2.003 m. The shock speed determines the enthalpy in the stagnation region and
therefore the enthalpy of the flow over the model, as it remains constant during the nozzle expansion.
Model instrumentation
The model is instrumented with pressure transducers along the walls on the injector side (lower half)
from ramp to nozzle. The distribution of the sensors in the model is given in Fig. 3.11.
The model can be equipped with up to 26 pressure transducers. These are fast-response Kulite XTEL-
190 (M) series, which measure absolute pressure with a piezo-resistive silicon sensor. All but two
pressure transducers are located in the centre-line of the model. The extra two transducers are parallel
to the first transducer in the combustor (x = 20 mm). These are offset span-wise 20 mm to each side of
the centre transducer. They are used to verify if the flow entering the combustor is symmetric with
respect to the centre plane.
The pressure traces obtained from the sensors need to be normalised to account for the change
in nozzle supply pressure over the test time and the travel time of the test gas over the model. The
normalised pressure during the test time is calculated as:
p(t) =
p(t+ td)
ps(t)
× ps,nom
p1,nom
(3.3)
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Figure 3.11: Schematic of the experimental model with position of the pressure transducers.
where ps,nom is the mean nozzle supply pressure and p1,nom is the mean pressure of the first ramp sensor.
This means that the normalised signal from each sensor, time-delayed with respect to the nozzle supply
pressure (here td is the delay between nozzle supply trigger and each sensor), is multiplied by the mean
nozzle supply pressure normalised by the mean pressure in the first forebody sensor. This accounts for
the variance between shots, by normalising by nozzle supply pressure, and makes comparison between
shots easier since all the traces from different shots will start at the same normalised value p(t) = 1.
This normalisation procedure has been used before in experiments performed on T4 [5, 67].
3.1.4 Flow and fuelling conditions
The flow conditions at the nozzle exit, i.e. the free-stream conditions for the engine, are difficult to
measure directly and must be derived from other known quantities. This is achieved with NENZFr [31],
an internally developed code at the Centre for Hypersonics. It uses the nozzle supply conditions
calculated with ESTCj [62] and couples it with 2D axysimmetric RANS simulations of the nozzle,
done with the Eilmer 3 code [47, 61], to determine the nozzle exit flow conditions. Eilmer 3 was
developed to solve the three-dimensional Navier-Stokes equations for turbulent chemically-reacting
compressible flows. The calculation of the nozzle exit properties is performed, in short, as such:
1. the measured shock speed, nozzle supply pressure and initial shock tube fill conditions are input
into ESTCj, which assuming thermal equilibrium, performs a one-dimensional calculation of the
shock tube to find the conditions behind the reflected shock.
2. These ESTCj results are used to generate an input for an Eilmer 3 calculation. Eilmer isentropi-
cally expands the ESTCj results over the nozzle to the Pitot-to-stagnation pressure ratio, using a
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thermally perfect mixture of N2, O2, N, O and NO with the reaction scheme of Gupta et al. [49]
and the k−ω turbulence model.
The Pitot-to-stagnation pressure ratio is the ratio between the measured pressure of a Pitot probe
inside the test section and the measured nozzle supply pressure. For the Mach 8B nozzle, this ratio
is 0.007. This is determined through a Pitot survey, in which Pitot probes are distributed on a plane
parallel to the nozzle exit inside the test section. This allows the determination of the size of the nozzle
core-flow, where pressure is constant, and the Pitot-to-stagnation pressure ratio. More details can
be found in [31]. The nozzle exit conditions, averaged from the shots in the campaign, are given in
Table 3.2. A summary of all the shots is given in Table A.1.
Table 3.2: Nominal experimental conditions.
Nozzle-supply Derived free-stream Fuel
ps T s Hs p∞ T∞ U∞ M∞ ρ∞ φ
MPa K MJ ·kg−1 Pa K m · s−1 − kg ·m−3 −
30.40 3777 4.63 3056 417 2984 7.40 0.03 0.13
±1.44 % ±4.95 % ±7.33 % ±3.73 % ±8.28 % ±3.18 % ±1.86 % ±5.91 % ±14 %
The fuelling rate was mostly fixed for the campaign, with an average equivalence ratio of φ =
0.13±14%. This was the case from shot 12092, changed from φ = 0.18±14% in the first few shots
(12088 to 12090) as it was sensitive to unstart at these rates. The equivalence ratio was purposefully
changed for the last two shots, 12110 and 12111, where it was increased slightly to φ = 0.15±14%,
as will be discussed in Chapter 6.
3.1.5 OH-PLIF configuration
The T4 facility has the capability to conduct experiments involving laser diagnostics for flow visu-
alisation. Of particular interest to this thesis is the planar laser-induced fluorescence of hydroxyl
(OH) radicals in the flow, or OH-PLIF. The PLIF technique is a tried and tested non-intrusive flow
visualisation technique. It allows for measurements of velocity, temperature and concentration [50,
54, 55, 108, 121], but here is used purely for flow visualisation. It works by targeting the flow with
a laser sheet tuned to a specific wavelength, which will excite a species of interest in the flow. The
excited molecules will then emit the energy as photons with various wavelengths, which can be seen
using an ICCD camera. This allows direct visualisation of those molecules in the flow. The OH
radical is chosen for a few reasons. These molecules are an important intermediate radical in hydrogen
combustion, being a good indicator of heat release. It also is most present at the edges of the flame.
Therefore, visualisation of OH molecules not only confirms combustion is taking place, but also allows
visualisation of the flame and turbulent structures within it.
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Figure 3.12: Schematic of the PLIF system going into the test section. Left is view from the side, right
is view in the flow direction. Adapted from [123].
The light source consists of a Spectra Physics Nd:YAG pulsed laser, which produces a second
harmonic laser beam at 532 nm at a repetition rate of 10 Hz. This, in turn, pumps a Cobra-Stretch
dye laser, using Rhodamine 6G dye to output a tuneable frequency-doubled laser beam at around 284
nm. The beam goes through a series of dichroic mirrors that direct it into the optics box above the
test section. It then goes through a cylindrical lens with focal length f =−70 mm, which converts the
beam into a laser sheet. The sheet is collimated and focussed by a plano-convex lens with f = 1000mm.
The sheet is masked to have a length of 130 mm, in order to have well-defined, sharp edges, which
allows for size control and facilitates identification of the edges for normalisation of the test image.
The sheet is also partially reflected with a beam splitter to a dye cell containing the Rhodamine 6G
dye. A Point Grey 8-bit grey-scale camera is positioned to capture an image of the fluorescence in the
dye cell. This is used to normalise the PLIF image obtained during the experiment as will be detailed
below. A schematic of the laser system can be seen in Fig. 3.12.
The laser sheet enters the test section through the top window, going into the model through the
top combustor wall, centrally-located in the span-wise direction. This excites OH molecules on a
plane along the centre line of the model. The emission is captured by a Princeton Instruments PIMAX
3 1024 x 1024 ICCD camera equipped with either a 25 or 105-mm focal-length lens. A Newport
10BPF10-310 bandpass filter with transmission wavelength of 310±2 nm and FWHM 11±2 nm is
used to capture non-resonant fluorescence and eliminate the background radiation, including laser
scatter which can be more intense than the fluorescence.
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Figure 3.13: Absorption spectra for OH at T = 1500 K. Adapted from [123].
The laser is tuned to a specific wavelength which needs to match an excitation transition for
OH. The transition of interest is the electronic transition A2∑+← X2∏(0), with excitation in the
(v′,v′′) = (1,0) vibrational band, at around 280 to 290 nm, as shown in Fig. 3.13. The rotational
doublet Q1(J′′= 9.5) and Q2(J′′= 7.5) was chosen, with an absorption wavelength of 283.92 nm. This
was confirmed to match the doublet with a test scan where the laser is passed through a flame, and a
photomultiplier is used to capture the fluorescence. This doublet was chosen as the populations in these
states do not change considerably over the temperature range expected in the scramjet combustor [123].
The intensity distribution over the PLIF sheet in the stream-wise direction is not uniform and the
image must be normalised to account for this. This is achieved by using the image obtained from the
dye cell. As the dye fluoresces proportionally to the intensity of excitation by the laser sheet, the image
allows capture of the intensity distribution of the laser sheet, as exemplified in Fig. 3.14c. Since the
laser sheet is aligned with the stream-wise direction of the flow, the laser power at any stream-wise
position can be obtained by integrating the corresponding position in the dye cell profile, i.e. integrating
the pixel column that corresponds to that position. This integration gives a curve of laser intensity as a
function of stream-wise position. The raw PLIF image is then normalised by dividing every pixel by
the laser intensity at the corresponding stream-wise location. An example of a raw and a normalised
PLIF image are given in Fig. 3.14.
The laser system is assumed to have a linear response, which can be verified with PLIF tests over a
flame in the test section. First, a power meter is used in the test section to measure the laser power.
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(a)
(b)
(c)
Figure 3.14: (a) Raw OH-PLIF image, with white lines showing where it is cropped to obtain (b) the
normalised image, and (c) dye cell image for shot 12094.
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Figure 3.15: (a) Linear response test with flame in the test section and (b) laser energy in the test
section vs photo-diode measurement.
Simultaneous measurements are taken with a photodiode in the laser lab, which measures the output
from the dye laser. This provides a correlation between the laser power settings, measured as voltage
in the photodiode, and the power delivered to the test section. The PLIF image is then obtained in the
test section and the intensity of the image is integrated to obtain the number of counts, i.e. the total
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intensity of the image. From the photodiode measurements, a plot can be obtained for laser energy
against image intensity, shown in Fig. 3.15a. The linear response range is indicated in the plot. The
correlation between laser energy and photodiode measurements is given in Fig. 3.15b.
Triggering of the laser system during a shot is done in two steps. The system is left on before
the shot, with the laser pulsing at 10 Hz and the cameras deactivated. When the tunnel recoils at the
start of the firing procedure, laser pulsing is stopped and the entire system put on hold waiting for the
trigger. The rise in the nozzle supply pressure then triggers the system, generating one pulse of the
laser while simultaneously activating the ICCD and dye cell cameras to capture the images within the
test time. The accurate timing of the laser pulse is controlled through a delay input into a Labsmith
LC880 Programmable Experiment Controller, which controls the laser system.
3.1.6 Schlieren imaging
(a)
(b)
Figure 3.16: (a) Diagram of a basic schlieren system (adapted from [109]) and (b) example schlieren
image of the forebody shock waves on the experimental model for shot 12086.
Schlieren imaging was used to visualise the injector region and complement the OH-PLIF images
obtained from this region. Schlieren imaging is based on the refraction of light passing through
inhomogeneities in the flow. Density gradients in the flow, such as a shock wave, cause gradients in
the refractive index which deflect the light passing through the gas. A collimated light beam passed
through the flow suffers local deflections and, by focusing it into a knife edge, the deflections can
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Figure 3.17: Schematic of the schlieren system in T4 [71].
be "cut" from the image, as illustrated in Fig 3.16a. The image thus obtained will display varying
light intensity depending on the first spatial derivative of the refractive index, δn/δx. Therefore,
density gradients in the flow can be directly seen, as illustrated in Fig. 3.16b. The oblique shock waves
generated by the forebody ramps can be clearly seen over the model for a test in T4.
The schlieren configuration currently used in T4 is illustrated in Fig 3.17 [71]. It uses an Osram
XBO 6000 W continuous xenon arc lamp as light source. The camera is a Phantom v611 high-speed
camera, set in the experiments with a resolution of 400 x 800 pixels and sample rate of 13569 fps, with
exposure set to 7.40×10−5 s. The spherical mirrors have a focal length of 2 m and the lens focusing
on the camera has a focal length of 500 mm. Due to physical restrictions of the facility test section, it
cannot be used simultaneously with the PLIF system.
3.2 Numerical methodology
Numerical simulations were performed to compare with experimental results and provide further
insight into the flow structures in the engine. Reynolds-averaged Navier-Stokes (RANS) simulations
were performed to evaluate the thermofluidic compression effect in Chapter 6. Large-Eddy Simulations
(LES) were realised for the experimental free-stream conditions, to provide results that could be
compared with the experimentally obtained PLIF images. LES was also done of a case with oxygen
enrichment to further investigate supersonic turbulent combustion. The simulations were all made
using US3D, a program developed at the University of Minnesota to tackle high-speed aerodynamic
and aero-thermodynamic flow simulations. It solves the compressible Navier-Stokes equations using a
cell-centred finite volume scheme [86].
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3.2.1 Governing equations
The conservation equations, as implemented in the US3D solver, can be written in a general form:
δU
δ t
+∇ · (Fc−Fv) = w˙ (3.4)
where U = (ρY1, ...,ρYn,ρu,ρv,ρw,ρe,ρev)T is the vector of conserved variables, Fc and Fv represent
convective and viscous fluxes and w˙ represents the source terms [86]. In the U vector, the subscript for
Y represents different species, e is energy per unit mass, ev the vibrational energy per unit mass. In the
next few sections, Eq. 3.4 is evaluated for continuity, momentum and energy [5, 42].
Continuity
The equation for conservation of mass is, considering multiple species:
δρYs
δ t
+∇ · (ρYsv)+∇ · (ρYsvs) = w˙s, (3.5)
where the source term captures the change of species concentration due to chemical reactions and is
given by
w˙s = Ms
n
∑
r=1
d[Rs,r]
dt
. (3.6)
The equation for the rate of change for the species specific molar concentration is
d[Rs,r]
dt
= (v′′s,r− v′s,r)
{
k f ,r]
n
∏
s=1
[Rs]
v′s,r − kb,r]
n
∏
s=1
[Rs]
v′′s,r
}
(3.7)
The mechanism to resolve the chemical source term is a 13-species, 33-equation finite-rate chem-
istry model [59], which has been shown to perform well with reasonable computational cost [42].
Details of the model equations are provided in Appendix C.
Conservation of momentum
The equation for conservation of momentum, in its vector form, is:
δρv
δ t
+∇ · (ρvv)+∇p = ∇ · τ, (3.8)
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where the viscous stress tensor is
τ = µ
[
∇u+(∇u)T
]
+
2
3
µ(∇ ·u)δ ; (3.9)
where µ is the dynamic viscosity and δ is the Dirac delta function:
δi j =
0, i 6= j1, i = j . (3.10)
Energy conservation
The energy equation is:
δρe
δ t
+∇ · [(ρe+ p)v] = ∇ · (vτ)−∇ · q˙−∇ ·
n
∑
s=1
(ρhsYsvs), (3.11)
where the total energy per unit mass can be defined as
e =
n
∑
s=1
(Yscv,sT +Ysev,s+Ysh0f ,s)+0.5|u|2, (3.12)
and the enthalpy per unit mass for a given species is
hs = cv,sT + ev,s+
ps
ρs
+h0f ,s. (3.13)
The specific heat at constant volume is dependent on the rotational and translational modes, cv,s =
ctv,s+ c
r
v,s, where
ctv,s =
3ℜ
2Ms
, crv,s =

3ℜ
2Ms
multi-atomic species (nonlinear)
ℜ
Ms
multi-atomic species (linear)
0 atomic species
and cvv,s =
δev,s
δT
. (3.14)
Fluxes
The heat flux vector q˙ in Eq. 3.11 has translational, rotational and vibrational components and is
defined by
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q˙i =−ki∇Ti with q˙ =
3
∑
i=1
q˙i, (3.15)
with thermal conductivities for the three components given by
kt,s =
5
2
µsctv,s , kr,s = µsc
r
v,s and kv,s =
6
5
µscvv,s. (3.16)
In addition to the heat fluxes, diffusive heat and mass transfer, seen in the last term of Eq. 3.11, are
governed by Fick’s Law, dependent on species concentration gradients:
ρYsvs =−ρDs∇Ys (3.17)
This formulation, however, is computationally expensive, therefore a single binary diffusion coefficient
is defined as
Le =
Sc
Pr
=
µ
ρD
µcp
k
= D
ρcp
k
, (3.18)
where the dynamic viscosity and thermal conductivity follow Wilke’s mixing rule [127]:
µ =
n
∑
s=1
Xsµs
φs
and k =
n
∑
s=1
Xsks
φs
. (3.19)
and
φs = χs,1
n
∑
r=1
[
1+
√
µs,2
µs,1
(
Ms,1
Ms,2
) 1
4
]2
√
8
(
1+ Ms,2Ms,1
) , (3.20)
with the dynamic viscosity of each species given by Blottner curve fits µs = 0.1exp(As lnT +Bs) lnT +Cs.
The constants As, Bs and Cs are given in Table C.1.
Vibrational energy
The solver works under the assumption of vibrational equilibrium, meaning all vibrational modes are
represented by a single vibrational temperature. The equation for vibrational energy is:
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δρev
δ t
+∇ · (ρevv) =−∇ · q˙v−∇ ·
n
∑
s=1
(ρev,svs)+ w˙v. (3.21)
The vibrational temperature is the same for every species and vibrational energy follows the Boltzmann
distribution:
ev,s =
ℜ
Ms
Θv,s
eΘv,s/Tv−1 (3.22)
Equation of state
The gas mixture behaves as an ideal gas. Introducing the ideal gas equation,
p =
n
∑
s=1
ρs
ℜ
Ms
T, (3.23)
where ℜ is the universal gas constant and Ms the specific molecular weight of species s.
The system of equations presented so far is closed, but applying any kind of filtering operation to
the equations, as will be done in subsequent sections, results in unclosed terms. The convective term
of the Navier-Stokes equations, ∇(ρv×v), is non-linear and filtering this introduces unclosed stresses
that usually arise due to the presence of turbulence. This is the closure problem and it is solved by the
modelling approach for turbulence. A more thorough explanation can be found in [99, 126]. In the
next two sections, the modelling approaches used for this thesis, Reynolds-averaged Navier-Stokes
(RANS) and Large-Eddy Simulations (LES), will be discussed in more detail.
3.2.2 Reynolds-averaged Navier-Stokes simulations
To address the closure problem for the momentum equation, the most common and widespread method
for simulating turbulent flows is through Reynolds-averaged Navier-Stokes modelling. This is done
by time-averaging the instantaneous Navier-Stokes equations through Reynolds decomposition, i.e.
decomposing the flow variables in a time-averaged component and its fluctuations:
m = m+m′ =
1
τ
∫ t+τ
t
mdt+m′ (3.24)
where m is any variable, m is its time-average and m′ the fluctuations, whose time-average is m′ = 0.
RANS modelling has very low computational cost compared to methods such as LES, at the cost of
losing detail on the small scale turbulent structures due to the averaging process [126]. This is better
represented in Fig. 3.18, which shows the turbulent energy cascade. With RANS, all the energy scales
are modelled, which reduces computational cost but also the fidelity of the simulation. With LES, only
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Figure 3.18: Turbulent energy cascade with the regions either resolved or modelled by LES and RANS.
Adapted from [12].
the smaller scales are modelled, while the larger scales are resolved.
This procedure alone does not suffice for compressible flows, however, as density fluctuations ρ ′
can be high and the time averaging leads to additional terms that increase the complexity in achieving
closure for the equations [126]. The solution is the introduction of the density-weighted averaging of
Favre:
m = m˜+m′′
m˜ =
1
ρ˜τ
∫ t+τ
t
mdt+m′′ =
ρm
ρ
(3.25)
where m˜ is the Favre-averaged variable and m′′ is the Favre fluctuation (different than m′), whose
time-averaging is ρm′′ = 0.
By applying Reynolds and Favre averaging to Eqs. 3.5, 3.8 and 3.11, we obtain:
δρY˜s
δ t
+∇ · (ρY˜sv˜)+∇ · (ρ v˜s+VRANSs ) = w˙s, (3.26)
δρ v˜
δ t
+∇ · (ρ v˜v˜)+ ∇˜p¯ = ∇ · (τ˜+ τRANS), (3.27)
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δρ e˜
δ t
+∇ · [(ρ e˜+ p)v˜] =
∇ · (v˜τ˜+ v˜τRANS)−∇ · ( ˜˙q+ q˙RANS)+
−∇ ·
[
n
∑
s=1
(ρ h˜sY˜sv˜s)+
n
∑
s=1
(h0f ,sV
RANS
s )
]
.
(3.28)
Applying the same process to the remaining equations, we obtain for the ideal gas law:
p˜ =
n
∑
s=1
ρY˜s
ℜ
Ms
T˜ , (3.29)
the energy source terms:
e˜ =
n
∑
s=1
(Y˜scv,sT˜ + Y˜se˜v,s+ Y˜sh0f ,s)+0.5v˜v˜
e˜v,s =
ℜ
Ms
Θv,s
eΘv,s/T˜v−1 ,
(3.30)
and the enthalpy:
h˜s = cv,sT˜ + e˜v,s+
p˜s
ρs
+h0f ,s. (3.31)
Finally, the transport terms become
τ˜ = µ˜
[
∇v˜+(∇v˜)T )+
2
3
µ(∇ · v˜)δ
]
˜˙q =−k˜∇T˜
ρY˜sv˜s =−ρD˜∇Y˜s
(3.32)
The averaging process introduces new terms, namely the turbulent mass diffusion term VRANSs , the
turbulent viscous stress term τRANS and the turbulent heat flux q˙RANS, defined as:
VRANSs = ρv′′Y ′′s
τRANS =−ρv′′v′′
q˙RANS = ρv′′h′′.
(3.33)
These terms, along with the chemical and vibrational energy source terms, cannot be derived directly
and must therefore be modelled in order to close the system of equations. To do this, the turbulent
viscous stress tensor can be assumed to be
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τ˜RANS = µt
[
∇v˜+(∇v˜)T )+
2
3
µ(∇ · v˜)δ
]
, (3.34)
where µt is the eddy viscosity, using the Boussinesq approximation [126].
The turbulent mass diffusion and the turbulent heat flux terms are approximated by gradient
diffusion, scaled by turbulent Prandtl and Schmidt numbers,
VRANSs =−
µt
Sct
∇Y˜s
q˙RANS =−µtcp
Prt
∇T˜ .
(3.35)
Turbulent Prandtl number is set to a constant value, Prt = 0.9, and turbulent Schmidt number is
Sct = 0.75, based on previous simulations that achieved good agreement with experiment [93]. The
source terms for chemistry and the vibrational energy are approximated by
w˙s(Ys,T,Tv, p)≈ w˙s(Y˜s, T˜ , T˜v, p˜)
w˙v(Ys,T,Tv, p)≈ w˙v(Y˜s, T˜ , T˜v, p˜).
(3.36)
The last term that needs to be calculated to close the system is the eddy viscosity µt . There are multiple
ways to do this, with many models available. In the US3D solver, this is done with the density-corrected
Spalart-Allmaras one-equation turbulence model [2, 25, 117]:
D(ρνˆ)
Dt
= cb,1ρ Sˆν˜+
1
σ
{∇ · (µ∇νˆ)+√ρνˆ∇(√ρνˆ)+ cb,2[∇(√ρνˆ)]2}− cw,1 fwρ
(
ν˜
dw
)2
. (3.37)
The model viscosity relates to the kinematic eddy viscosity:
νt = νˆ fv,1 = νˆ
χ3
χ3+ c3v,1
with χ =
ν˜
ν
. (3.38)
The first term in the right-hand side relates to the vorticity and wall distance, i.e.
Sˆ = S+
νˆ
k2d2w
fv,2, where fv,2 = 1− χ1+χ fv,1 . (3.39)
Finally, the remaining terms are
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fw = g
(
1+ c6w,3
g6+ c6w,3
)1/6
,
g = r+ cw,2(r6− r),
r =
νˆ
Sˆk2d2w
.
(3.40)
Model constants are given in Table C.3. This closes the system of equations for the RANS simulations.
In the next section, we will explore the formulation for Large-Eddy Simulations.
The computational grid and boundary conditions are discussed along with the RANS results in
Chapter 6.
3.2.3 Large Eddy Simulations
The RANS method, computationally cheap as it is, has one big drawback in the loss of fidelity of
its results. Details on unsteady turbulent structures in the flow are lost in the averaging process.
Large-Eddy Simulations, however, aim to resolve the larger energy-containing turbulent structures
and model only the smaller dissipative eddies. The assumption, from the Kolmogorov turbulence
hypothesis [99], is that the smaller eddies are isotropic and independent of the geometry and problem
boundaries, therefore a more general model can be applied. On the other hand, the larger structures are
anisotropic and dependent on the initial conditions and geometry, therefore resolving them provides
better results than a general model [124]. The separation between resolved and modelled eddies is
given by a cut-off length, where all length scales smaller than the cut-off are modelled. This cut-off is
most commonly taken to be of the same order as the grid size [99, 124]. The grid serves, therefore,
as a filter that separates the fully-resolved turbulence from the modelled sub-grid scales (SGS) (see
Fig. 3.18). Similarly to the approach used in Section 3.2.2, variables can be decomposed in
m = m+m′, (3.41)
where m′ represents the sub-grid scales that need modelling, replacing the RANS fluctuations, while m
is a obtained by applying a filter G to the flow domain, i.e.
m =
∫
t
∫
D
m(ξ , t ′)G(x−ξ , t− t ′)dtd3ξ . (3.42)
This leads to a formulation similar to Section 3.2.2. As was the case there, the equations need to be
modified to account for compressibility. Whereas this was done with Favre-averaging for RANS, for
LES it is achieved through Favre-filtering. This leads to the same set of equations, Equations 3.26
to 3.28, where the terms with the bar, which represented the Reynolds-averaged terms, now represent
the filtered terms; and the Favre-averaged terms with tilde now represent the Favre-filtered terms. The
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turbulent transport terms in Equation 3.33 become:
VLESs = ρ(v˜Ys− v˜Y˜s)
τLES =−ρ(v˜v− v˜v˜)
q˙LES = ρ(v˜h− v˜h˜).
(3.43)
Closure for the system is obtained in the same way as for RANS, detailed in Section 3.2.2, again
with the caveat that Reynolds-averaging is replaced by filtering and Favre-averaging by Favre-filtering,
as discussed above. As with RANS, where time-averaging introduces new terms, so does the spatial
filtering in LES. The terms in Eq. 3.43, like the transport terms in Eq. 3.33, need to be modelled.
As the grid size acts as the cut-off between the fully-resolved and modelled energy scales, the grid
sizes required for LES to have higher fidelity are considerably larger than those required for RANS
methods. As turbulence is a full 3D phenomenon, the mesh needs to be refined in all three dimensions.
Besides, unlike in the RANS approach which is time-averaged, the simulations must be time-accurate
to resolve the transient nature of turbulent flow structures. Additionally, for wall-bound flows, such
as in scramjets, the distribution of turbulent energy moves towards smaller scales closer to the walls,
requiring a prohibitive increase in grid resolution to resolve these structures. The solution used is to
model the flow closer to the walls using RANS, which allows the grid resolution to be defined for LES
of the free-shear flow. This hybrid RANS/LES approach was originally proposed as the Detached
Eddy Simulations (DES) method, which employs the Spalart-Allmaras model discussed earlier to
model the flow in the near-wall regions [116]. By replacing the wall distance term dw in Equation 3.37
with a new length scale d˜ = min(dw,CDES∆), the solution can be switched from RANS close to the
wall (dw <CDES∆) to LES away from the wall (dw >CDES∆), where C is the model constant and ∆ is
the filter width for the LES. The formulation used in this thesis is the Improved Delayed Detached
Eddy Simulation (IDDES) [110], which introduces corrections to the modelled stress depletion of
DES [118] and the log-layer mismatch of DDES (itself an initial correction of DES) [85]. This method
has been validated for supersonic flows [91]. Besides the near-wall regions, SGS modelling is also
done with the Spalart-Allmaras model in US3D. Details on the implementation of the methodology
and the aforementioned corrections can be found in the references provided [85, 110, 116, 118].
3.2.4 Data averaging and determination of combustion regimes
As discussed in Section 3.2.3, the LES results are time-accurate. The results need to be time-averaged
to be analysed and properly compared with RANS and experiment, as the flow properties in a single
time step might not be representative of the overall flow. Important parameters such as mixing and
combustion efficiency, for example, cannot be accurately calculated from data obtained from a single
time step. This averaging process is done by adding up the flow properties over time as the simulations
run, and then obtaining the average value over the number of time steps added. To do this, the
56
3.2. NUMERICAL METHODOLOGY
simulation is run for at least three flow lengths, i.e. enough time for the flow to go through the engine
three times. These averaged properties are then processed separately from the time-accurate values
for analysis. During the averaging process, the velocity fluctuations are also stored, which are used to
calculate the resolved turbulent kinetic energy discussed below.
As dicussed in Section 2.2.2, the combustion regimes are determined by two non-dimensional
numbers, the turbulent Damköhler and turbulent Reynolds numbers. For the Damköhler number in
particular, the parameters are not trivial to obtain from the flow. Here it is explained the formulation
used to determine these and calculate the combustion regimes. The turbulent Damköhler number is
reproduced here:
Da =
τt
τc
. (2.1)
The turbulent time scale, τt , is determined from the turbulent kinetic energy, kt , and the turbulent
dissipation, ε [42]:
τt =
kt
ε
. (3.44)
The turbulent kinetic energy is determined from two components:
kt = kr + ksgs, (3.45)
where kr is the resolved turbulent kinetic energy, calculated from the velocity fluctuations as discussed
above, and ksgs is the sub-grid component, representing the energy contained in the turbulent scales
that are modelled. This is calculated from the turbulent viscosity:
ksgs =
ν2t
(ckv∆)2
(3.46)
where ckv = 0.07. For more details on how these terms are obtained, please see [42].
Calculation of the turbulent dissipation, ε , is not trivial. Wilcox [126] derived a transport equation
for turbulent kinetic energy by filtering the momentum equations combining the various components.
The sink terms in this transport equation can then be combined to obtain the dissipation:
εr = 2νS′i jS′i j, (3.47)
where
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S′i j =
1
2
[
δu′i
δx j
+
δu′j
δxi
]
. (3.48)
Since there are filtered structures in the flow, Eq. 3.2.4 provides only the dissipation for the resolved
energy scales. The sub-grid component is calculated from the sub-grid turbulent kinetic energy using
scaling laws [42]:
εsgs =
0.931k3/2sgs
∆
. (3.49)
As with turbulent kinetic energy, the turbulent dissipation is calculated from the resolved and
filtered components:
εt = εr + εsgs. (3.50)
The chemical timescale, τc, is determined using the Chemical Explosive Mode Analysis (CEMA) [73]:
τc = max
(
λs+λ ∗s
2
)−1
, (3.51)
where λs represents the eigenvalues of the matrix J, which contains the derivative of each reaction rate
by each conserved variable, i.e.
J =
δω˙s
δU j
. (3.52)
The term λ ∗s is a complex conjugate used to extract the real parts from the eigenvalues.
Finally, the turbulent Reynolds number is defined as:
Ret =
k2t
εν
(3.53)
The cells in the grid are filtered by turbulence level and chemical speed, i.e. cells with turbulent
kinetic energy lower than 1 and reaction time higher than 1, are discarded. While these numbers are
somewhat arbitrary, they allow filtering of the grid remove cells where there is negligible contribution
to the determination of the combustion regimes. A turbulent kinetic energy kt < 1 is much lower than
the usual level of turbulence in the grid, of the order of 1×103. Similarly, a reaction speed τc > 1 is
slower than the overall reactions by three orders of magnitude. After the filtering, the Damköhler and
Reynolds numbers are calculated on the remaining cells in the grid, and then plotted on a heat map
that shows what is the regime distribution. This will be shown and discussed in Chapter 4.
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3.2.5 Turbulence-chemistry interactions
For all the simulations presented in this thesis, quasi-laminar combustion was assumed, i.e. no turbu-
lence/chemistry interaction models were used. For supersonic combustion, there aren’t many models
available for turbulence/chemistry interactions. Studies of scramjet combustion using the assumed
PDF combustion model [27] and a modified flamelet model developed for supersonic combustion [41]
both found the agreement to experimental data was not improved for either model compared with
quasi-laminar chemistry. On the other hand, quasi-laminar RANS simulations of a Mach-12 REST
scramjet engine found good agreement with experimental data for flow conditions similar to those
investigated in this thesis [8].
3.2.6 Discretisation and flux calculations
Values are stored at cell centres and equations are integrated by applying the divergence theorem to the
discretised transient term. The averaged rate of change of U (from Eq. 3.4) in each cell is the sum of
the fluxes over all faces, i.e.
δU
δ t
=− 1
V ∑faces
[(Fc−Fv) · nˆS]+W , (3.54)
where V is the cell volume, S the cell face area and nˆ the unit normal vector of the face. The fluxes are
separated into the convective and diffusive parts, which allows for the different treatment of inviscid
and viscous fluxes. The former are treated using the modified Steger-Warming method, which accounts
for the high dissipation of the original method [86]. The latter are computed exactly by averaging the
gradient in adjacent cells to calculate the gradient at a cell face. Fluxes are second order accurate in
space. Temporal discretisation uses the Crank-Nicolson second order accurate method, except close to
the walls where the backwards Euler first order accurate method is used. The solver uses an implicit
solution method combining Data-Parallel Line-Relaxation and Full-Matrix Point-Relaxation methods.
A detailed explanation of the process, and of the solver as a whole, is provided by Nompelis et al. [86]
and is outside the scope of this thesis.
3.3 Summary
This chapter presented the methodology used for this work. First, the experimental methodology
was introduced, with an explanation of the facility in which the experiments were performed, the
T4 Reflected Shock Tunnel, and the fuel delivery system. The experimental model was explained,
with its design focused on producing a flow that creates representative flow non-uniformities and
that can be more easily simulated. The chapter proceeded to cover the instrumentation used in the
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experiments. This included facility instrumentation, consisting of shock speed and nozzle supply
pressure transducers, that allow determination of the flow conditions for each shot by deriving the
nozzle supply conditions using NENZFr. The model instrumentation was also discussed, consisting
of pressure transducers to measure wall pressure inside the engine. The experimental methodology
concludes with a discussion of OH-PLIF and schlieren, the two optics diagnostics techniques used in
this work.
The numerical methodology was presented, introducing the US3D computational fluid dynamics
solver. It began by introducing the governing equations of the compressible, chemically-reactive
flow. The momentum closure problem was addressed with an explanation of the two methods used
in this work: Reynolds-averaged Navier-Stokes and Large-Eddy Simulations, presenting a detailed
description of each methodology and the pertinent equations. Finally, a discussion was provided of the
discretisation methods and flux calculations.
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SUPERSONIC TURBULENT COMBUSTION IN
SCRAMJETS
The analysis of the combustion process in scramjets begins in this chapter, where experimental and
numerical results are presented. With an experimental model designed to represent a complete scramjet
engine with multi-ramp intake, combustor and nozzle, experiments were conducted in the T4 Reflected
Shock Tunnel (Section 3.1) with a Mach-10-enthalpy flow condition and fuel equivalence ratio of
φ = 0.13. By using the OH-PLIF technique (Section 3.1.5) to visualise the flow at several locations
along the engine, the instantaneous reaction zones were observed directly, providing insight into the
development of the combustion process and the structure of the flames throughout the engine. Wall
pressure data was simultaneously obtained. These results were compared to Large-Eddy Simulations
of the model which, when paired with experimental data, can provide better insight of the flow than
could be obtained by either in isolation.
4.1 Simulation grid and boundary conditions
This section describes the grid and boundary conditions used for the Large-Eddy Simulations. For
details of the solver and numerical methodology, please refer to Section 3.2.
The computational domain for the LES simulations in this chapter reproduces the flow path of
the experimental model described in Section 3.1.1, shown in Fig. 3.4, with a few caveats. As in the
experimental model, it consists of two sets of ramps, with turning angles of 6° and 9°. There is a
single inlet injector on one of the 9° ramps, positioned 80 mm horizontally upstream of the throat
on the engine centre line at a 45° angle to the local flow. Differently from the experimental model,
which is 75-mm wide from the start of the 9° ramps, where the sidewalls start, the computational
grid is 64-mm wide. This is due to a change in the experimental model, which was made wider to fit
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Figure 4.1: Sequential schlieren images of shot 12084, progressing from left to right. The unstart
process can be clearly seen as the separation spills out of the engine, blocking it.
available mounting structures to the test section. Since the LES grid was developed concurrently to
the experimental model for use with another project, changing its width afterwards was not possible.
However, the experimental engine was developed with enough width at 64 mm that the fuel plume
does not interact with the walls. The difference in width, therefore, has no impact on the comparison
between experimental and numerical results, as the region of interest is the fuel plume closer to
the centre plane. The 6° forebody remains wider, to avoid edge effects from being ingested by the
engine, and has no sidewalls. The boundary-layer trips used in the experiments were not included
in the simulations. This is because it was originally intended to perform the experiments without
trips, relying on the fuel injection process to trip the flow. This will be shown to be adequate in the
simulations, which feature a steady inflow. In the experiments, however, the trips were found to be
necessary to maintain properly started the flow through the engine during the impulsive tests. Due to
the impulsive nature of the tests, the flow is highly unsteady before its establishment. This unsteadiness
led to engine unstart, which could only be corrected by the addition of the boundary-layer trips in the
condition analysed. The unstart was caused by a boundary-layer separation near the throat, which
increased uncontrollably with fuel injection, spilling out of the ramps and leading to engine unstart.
An example of this can be seen in Fig. 4.1, which shows schlieren images of shot 12084. This shot was
performed at a lower Reynolds number condition than the shots analysed in this thesis, which proved
too unstable even with the presence of the trips.
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Figure 4.2: Computational domain used in the Large-Eddy Simulations of the experimental model.
Dimensions are in mm.
Table 4.1: Nominal experimental conditions used as inflow for the LES simulations.
Inflow Injector
ρ∞ [kg/m3] 2.48×10−2 1.07
T∞ [K] 407 249
u∞ [m/s] 2972 1203
YN2 - 0.7311865 -
YO2 - 0.1908377 -
YNO 0.0769008 -
YO 0.0010750 -
YH2 - 1.0
m˙H2 [kg/m
3] - 2.71×10−3
It was unfeasible to repeat the LES with the trips since their geometry is complex to reproduce,
with the sharp bent teeth of the saw, and to properly model them a dense LES grid would have to be
used in the intake, severely increasing computation cost. As it is, just the correct modelling of these
trips would be a considerable undertaking and it was instead opted to not account for their effect on the
flow through direct modelling. As will be discussed later, the lack of trips leads to slower mixing flow
in the simulations but does not impact the LES ability to capture the flow structures and combustion
behaviour.
The simulation was done in two parts. First, an unfuelled laminar simulation of the intake up to the
throat is performed to completion. The results from this simulation are then used as the input for the
LES by using a subroutine to interpolate the cell values from the laminar grid. The LES grid starts
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(a) (b)
Figure 4.3: The grid in the injector region (a) at the wall and (b) on the centre plane of the model.
just downstream from the ramp corners, upstream of the injector, with turbulent viscosity production
enabled by introducing a very low level of free-stream turbulent viscosity. This process has two main
advantages. First, it reduces the size of the LES grid, saving on computational time. Second, it forces
transition to happen closer to the region where boundary-layer trips were used in the experiment, more
accurately capturing the physics of the experiment than either purely laminar or turbulent flow would
achieve. This compensates somewhat for the lack of boundary-layer trips in the simulations. The
resulting LES grid has approximately 69 million cells.
To verify the quality of the grid, the turbulent kinetic energy is analysed to determine how much
of it is resolved. Ideally, 80% of the turbulent kinetic energy should be resolved in a well-resolved
LES [46]. This can be determined by:
R =
kr
kr + ksgs
, (4.1)
where kr and ksgs are, respectively, the resolved and modelled turbulent kinetic energy (see Sec-
tion 3.2.4). Fig. 4.4 shows this parameter R on the centre-plane of the model. As can be seen, most of
the turbulent kinetic energy is resolved properly, with R≥ 0.8. The only exception is close to the wall
on the ramp opposite the injector, and upstream of the injector. This is not a problem, however, as this
region is intentionally modelled according to the IDDES approach to LES used in these simulations
(see Section 3.2.3). Therefore, most of the turbulent kinetic energy in these regions are in the modelled
sub-grid scale.
The inflow conditions are close to the nominal conditions obtained in the experiment, shown in
Table 3.2. The inputs for the velocity inflow boundary condition in US3D are density, temperature
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Figure 4.4: Proportion of turbulent kinetic energy that is resolved on the centre-plane of the grid.
and velocity only, which are shown in Table 4.1. As for fuelling, the injector uses the same velocity
inflow boundary condition as the free-stream. The equivalence ratio used was φ = 0.15 and the input
parameters for this condition, in terms of density, velocity and temperature, are also provided in
Table 4.1. Figure 4.3 shows a detail of the grid around the injector.
Table 4.2: Summary of the shots analysed in this chapter.
Shot number Engine configuration Equivalence ratio
12087 combustor front (CF) -
12089 CF 0.17
12090 CF 0.18
12092 to 12095 CF 0.13a
12096 combustor rear (CR) 0.13
12097 CR 0.12
12098 CR 0.13
12100 to 12104 injector only (IO) 0.13
12111 IO 0.15
a Plenum pressure failed to record for shot 12093. Since
Ludwieg tube pressure was recorded and consistent with
other shots, the equivalence ratio was assumed to have been
the same.
4.2 Experimental results
The experimental results are presented and analysed in this section. It begins with an analysis of the
wall pressure data, followed by the results obtained with OH-PLIF diagnostics. Table 4.2 contains
information regarding the experimental tests (shots) used in this chapter for quick reference. More
detailed shot information can be found in Tables A.1 and A.2.
4.2.1 Wall pressure data analysis
The analysis begins with normalised wall pressure data obtained during the experiments, shown in
Fig. 4.5. Please refer to Section 3.1.3 for a description of the normalisation procedure. Results for
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LES and for an unfuelled RANS case are included for comparison. The nozzle was not included in
the simulations, which is why the simulation results stop before the end of the plot. The shots using
the injector-only (IO) configuration were not included as pressure data was not obtained for the entire
engine, as discussed in Section 3.1.1. Pressure values obtained with the first usable pressure transducer
in the ramp, PR2, are given for all shots in Tab. A.3, where it can be seen there is good agreement
between all cases.
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Figure 4.5: Normalised wall pressure data for the experiments.
A few things can be observed from these pressure results. First of all, agreement with CFD is
generally good, with LES presenting overall better agreement than RANS. There is a small pressure
offset between fuelled and unfuelled shots. This is due to extra compression obtained by the injected
mass. There is little observable pressure rise from combustion, except possibly for the last transducer
at x = 380 mm. Combustion does take place, as will be shown in the OH-PLIF results later, but since
the fuelling rate is so low, the combustion-induced pressure rise is small.
Comparing the fuelled shots against the unfuelled one, it can be seen the peaks and troughs move,
which indicates the shock train being displaced by fuelling. This is easier to observe in Fig. 4.6,
which presents the averaged pressure values for the unfuelled shot (12087), φ = 0.18 (shots 12088 to
12090) and φ = 0.13 (shots 12092, 12094 and 12095). The error bars are the standard deviation for
all the shots considered, except for the unfuelled case where the experimental uncertainty was used.
Simulation results are present for comparison as well. For the first half of the combustor, it can be seen
the unfuelled shot has the lowest pressure. Fuelled shots have higher pressure, with the pressure offset
increasing with fuel equivalence ratio. This changes in the last quarter of the combustor, past x = 300
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Figure 4.6: Averaged normalised wall pressure data for the experiments separated by fuel equivalence
ratio. The straight lines are a linear curve fit of the numerical pressure values inside the combustor.
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Figure 4.7: Averaged normalised wall pressure data for the experiments separated by engine configura-
tion for φ = 0.13.
mm. At x = 320 mm the pressure values are reversed, with the unfuelled case presenting the highest
pressure. This is most likely due to displacement of the shock structures caused by fuel injection.
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In terms of the numerical results, it can be seen that the unfuelled RANS results produce a regular
shock-train structure with well-defined peaks and troughs. The fuelled LES, on the other hand, does
not have a well-defined shock train. Peaks and troughs are visible, but their structure is irregular. There
is also a clear pressure offset between the RANS and LES results, due to fuel injection in the LES case.
This is clearly seen in the straight lines in Fig. 4.6, which are linear curve fits of the pressure results
inside the combustor for both CFD cases. Finally, there is good overall agreement between simulations
and experiment, with the LES results presenting better agreement than RANS.
A comment must be made for shots 12096 to 12098, which present a different behaviour in the
second half of the combustor. Figure 4.7 shows the averaged pressure data for φ = 0.13 separated
by engine configuration, i.e combustor front (CF), comprising shots 12092, 12094 and 12095, and
combustor rear (CR), shots 12096 to 12098. It can be seen the results agree very well up to x = 160
mm. However, in the second half of the combustor the behaviour is clearly different, including the
nozzle sensor which shows the flow does not expand fully for the CR configuration. The reason for
this is likely the nozzle core-flow in the tunnel. Due to limited optical access to the test section, in
order to target the different parts of the engine with the laser, the model had to be physically moved. In
the CR configuration, this meant the model was moved forward such that its leading edge remained
slightly inside the nozzle during the shot. While care was taken to keep the capture area inside the
core-flow, its size is an estimate and, given the large capture area of the model, it is possible that the
edges were outside the core-flow. Since the transducers are in the centre plane, if the forebody is only
partially outside the core-flow, it would take time for the different properties to be felt in the centre
of the engine, explaining why the pressure only changes in the second half of the combustor. As the
mass flow rate is lower outside the core-flow, the observed lower pressure supports this theory. This
will be discussed in the next section in the context of its impact on combustion. Nozzle unstart due to
blockage was not an issue in any of the shots in the CR configuration as the model leading edges were
not too far into the nozzle.
Figures 4.6 and 4.7 also highlight the repeatability of the experiments. The shots in the core-flow,
and those for a similar equivalence ratio, all present small shot-to-shot variation.
These results are useful for verifying the behaviour of the engine at different conditions and for
a quick comparison with CFD. The pressure measurements by themselves do not, however, provide
much information on the combustion process. This is discussed in the next section.
4.2.2 Flame visualisation
As discussed in Section 3.1.5, OH-PLIF diagnostics have been used for experimental flame visualisation
at different locations of the engine. These results are shown in this section, where they are compared
with snapshots of the LES simulations of a geometry and condition representative of the experiments.
Before discussing these results, however, a comment must be made on the images obtained at the end
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of the combustor. As discussed above, to obtain these images the model had to be moved so that the
laser could be aimed at the region of interest. This is due to limited optical access in the test section
and is an unfortunate limitation of the experimental configuration. Because of this, the model intake
area seems to have moved partially outside the nozzle core-flow, resulting in less mass flow rate at the
edges, which impacted the wall pressure results in the second half of the combustor. This might impact
combustion at this region, mostly likely by reducing the rate of combustion due to lower pressure and
mass flow rate caused by the non-uniform inflow. However, since the pressures agree for half of the
combustor, and ignition happens early in the combustor, as will be shown in this section, the obtained
OH-PLIF results are likely representative of the entire combustion process. As will be seen, there is a
clear progression in the height of the combustor occupied by OH radicals, indicating an increase in the
reaction zone. This also agrees with the simulations. Therefore, the following results are believed to
paint a complete picture of the combustion process in a scramjet engine and the reduced capture is
expected to only have a weak effect on flame structures and combustion regimes.
Figures 4.8, 4.9 and 4.10 show the experimental OH-PLIF results obtained for the IO, CF and CR
configurations, respectively. These images represent an instantaneous snapshot of the transient flow
state at time t = 2 ms, which was within the useful test time for the shots. The images were obtained
either with a 25-mm or 105-mm focal length lens, indicated accordingly. The position in the horizontal
axis indicates the horizontal position along the engine, with x = 0 being the location of the throat, i.e.
the start of the combustor (see Fig. 3.4).
Figure 4.8 shows the images obtained in the compression ramp, downstream of the injector. Even
though this region is just downstream of the injector (located at x = −80 mm) and the flow hasn’t
been fully processed by the intake shocks, chemical activity can be observed. The signal is weak, an
indication that chemical reactions are not intense and there is limited OH production in this region. In
fact, on shot 12101, if any OH is present, it is indistinguishable from the background noise.
These results indicate reactions start quite early in the engine. As will be discussed in detail in
Chapter 6, this is mostly likely due to the bow shock, behind which conditions are suitable for quick
ignition as soon as fuel and air mix. The overall behaviour seems to be of a thin layer of OH close to
the wall, with a thickness of about 5 mm. It can also be seen that the shot with higher equivalence ratio,
shot 12111, presents a much stronger signal, indicating even a small increase in equivalence ratio is
enough to enhance chemical activity in this region. Large turbulent structures can be seen, particularly
in shots 12103 and 12111. Resolution is not high enough to discern smaller structures.
It is unknown why shot 12100 behaves as it does, with a short region with OH followed by no signal.
Collisional quenching of the fluorescence signal, which is more prominent with higher pressures, is
unlikely here as the pressure in this region is expected to be low. The region is within the laser sheet. It
is possible there is a burst of OH production in the injector bow shock, which is then consumed before
conditions are appropriate to generate more OH radicals. It could also be the result of unsteadiness of
the flow as the PLIF image is not time-averaged.
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Figure 4.8: OH-PLIF results for the injector region obtained with the injector-only configuration. The dashed line indicates the position of the
15° ramp. The text indicates, from top to bottom: shot number, lens focal length and equivalence ratio.
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Figure 4.9: OH-PLIF results for the first third of the combustor, obtained with the combustor-front
configuration. The text indicates, from left to right: shot number, lens focal length and equivalence
ratio.
Moving into the combustor, Fig. 4.9 shows the OH-PLIF images obtained at the start of the
combustor, about 40 mm downstream of the throat and up to around 100 mm into the combustor. In
this region, the flow has been fully processed by the intake shocks. The signal is much stronger in
this region. The OH is now distributed in a thicker zone, occupying about half the combustor height,
around 7.5-mm thick. At certain locations it reaches a thickness close to 10 mm. Turbulent structures
are more discernible in these images, with large vortical structures present on the interface between the
OH and the air without fuel above it. The signal intensity is similar between shots, indicating a similar
combustion level between them. The exception is shot 12093, which clearly presents a much stronger
signal. There was no change in the measured tunnel conditions and wall pressure in the model. The
fuel plenum pressure failed to record for this shot and the equivalence ratio is not known. However, the
Ludwieg tube pressure was recorded and was on the same level as the shots that consistently produced
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Figure 4.10: OH-PLIF results for the latter third of the combustor, obtained with the combustor-rear
configuration. The text indicates, from left to right: shot number, lens focal length and equivalence
ratio.
an equivalence ratio φ = 0.13, so it is reasonable to assume the equivalence ratio for this shot was the
same. Therefore, the higher intensity cannot be easily attributed to anything other than unsteadiness
in the flow. Regardless of the signal intensity, the structures that can be observed are quite similar.
There seems to be a less turbulent region up to around 50 mm, where large turbulent structures become
visible (note A). These turbulent structures distort the boundary between the OH and the unfuelled air,
which is the boundary of the flame, making it more wrinkled and convoluted. In all three shots there
are regions where "valleys" can be seen (note B), where the flame boundary moves towards the bottom
wall by a substantial distance.
Finally, Fig. 4.10 shows the PLIF images obtained at the end of the combustor, between around
250 and 340 mm. It can be seen that the region occupied by OH increases further, almost reaching the
top wall of the combustor, indicating the progress of combustion, leading to more OH being generated.
Unlike the images from the start of the combustor, the flame boundary is less convoluted and no large
turbulent structures can be seen on the flame. From the OH-PLIF images alone it is hard to determine
the cause, but it can be inferred. At this stage the combustion process should be stronger and the rate
of heat release higher. This leads to faster chemistry, which could lead to a flame that is less affected
by turbulence, causing the smoother boundary seen in these images. Another important observation
in these images is that the signal is weaker close to the wall. This could indicate the OH has been
consumed in this region and combustion is closer to completion, as would be expected at the end of
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the combustor.
These results provide great insight into the combustion process. Ignition happens early, near the
injector, and combustion seems to happen in thick regions in the fuel plume. These regions increase in
thickness as the flow moves through the engine, indicating more mixing and combustion. The flame
is initially clearly affected by turbulence, presenting a convoluted boundary where large turbulent
structures can be seen. This changes towards the end of the combustor, where the flame boundary is
smoother and the turbulent structures are not discernible, most likely a result of faster chemistry at this
point in the combustion process, when completion rate is higher. This behaviour is quite different from
the one observed by Gamba et al. [40], as the flow in the engine is highly non-uniform and provides
better mixing, leading to different flame structures. This will be analysed in more detail in the next
section.
4.3 Numerical results
In this section, the Large-Eddy Simulations results are analysed. The numerical results are first
compared with the experiments to verify if the LES is capable of accurately simulating the experimental
conditions. The presented data from the LES are instantaneous snapshots of the transient simulations.
The simulations were not run to replicate precisely the time history of the experiments, but to create
equivalent statistically stationary conditions. They are run for at least three flow lengths, i.e. enough
time for the flow to pass through the model three times. This is the same criterion used in the
experiments to determine a test time over which the flow is steady. Figure 4.11 shows the LES results
for OH density at slices located at the centre plane (z = 0) and z =+1,+2 and +3 mm.
As has been discussed in Section 4.1, the simulation was done in two parts, with the LES solutions
starting from the second set of ramps. Therefore, the LES results shown from here on start at the
15° ramps. The forebody is omitted. As can be seen, the centre plane in the simulations does not
resemble the PLIF images, which were set up to be taken at the supposed model centre plane. Only
by moving off-centre by a couple of millimetres does the LES visually approach the experimental
results. There are two main reasons for this. As has been stated previously, the LES simulations lack
the boundary-layer trip in the intake, which generates a more turbulent flow-field than what would be
obtained with only the fuel injection to promote transition. The flow-field in the simulation, therefore,
should have slower mixing than the experimental flow-field, which means it takes longer to generate
the thicker OH zones seen in the experiment. The slices at z =+2 and +3 mm in particular show this,
with the progression in the thickness of the OH region being similar to that observed in the experiment,
albeit starting at a location further downstream in the simulations. As will be shown in Chapter 5, a
case with higher mixing, due to oxygen enrichment of the fuel, presents a behaviour at the centre plane
that more closely resembles the experimental results (see Fig. 5.4). In the oxygen-enriched case, there
seems to be increased mixing of the fuel plume in the span-wise direction, increasing mixing along the
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Figure 4.11: OH density for stream-wise slices. From top to bottom, respectively: centre plane (z = 0),
z =+1 mm, z =+2 mm and z =+3 mm.
centre-plane. That case has higher turbulent kinetic energy than the non-enriched case (see Fig. 5.12).
It can also be seen that the counter-rotating vortex pair (CVP) profile is more highly distorted in the
oxygen-enriched case (see Fig 5.11a). The boundary-layer trips could be causing the same effect here.
Figure 4.12 shows schlieren imaging from shot 12086, taken at the forebody where the trips are
located. The shock structure produced by the trip can be clearly seen. There is a detached shock
generated by the trip, with a weaker secondary shock generated in the spaces between the teeth on
the trip. The blunt trip profile creates a separation region upstream of it, which generates a separation
shock, as well as a smaller separation downstream from the trip. This structure is very complex. The
separation regions and shocks on the teeth of the trip should create a very three-dimensional flow-field.
It is known that boundary-layer trips increase turbulence in the flow, moving transition onset upstream,
even in high Mach number flows such as the one analysed here [11, 129]. The increased turbulence and
the separations around the trip create a turbulent, three-dimensional flow that increases overall mixing,
including in the span-wise direction. Therefore, the flow seen in the centre-plane of the simulations
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would be perturbed and the clear separation between each vortex in the CVP would probably disappear.
This is the most likely cause for the discrepancies between simulations and experiment.
Figure 4.12: Schlieren imaging of the forebody with boundary-layer trips for shot 12086. The dotted
line indicates the position of the forebody ramp.
The second possible reason is uncertainty in position of the laser sheet. The laser was aligned
into the engine using millimetre graph paper, which is done at the lowest possible power setting for
safety reasons. This makes detection of the sheet more difficult, which creates some uncertainty as
to its accurate position. The laser beam could also have been deflected by disturbances in the flow,
which should be more turbulent than the simulations due to the presence of the boundary-layer trip.
This could potentially lead to an uncertainty of one or two millimetres. The position of the model is
not considered an issue as the tolerances in model position and the internal flow-path were all strictly
designed, with no tolerances higher than 0.1 mm.
Figure 4.13 shows the stream-wise plane at z =+3 mm for numerical OH species density, along
with shots 12094, 12098 and 12103 in their correct position along the engine. The dotted lines point to
a region in the LES flow that is similar to the OH-PLIF image for shot 12094, taken at the start of the
combustor. Both can be seen in the detail in the figure. As can be seen, the region at the start of the
combustor in the experiments is similar to regions much further downstream in the LES, towards the
end of the combustor. This is further indication that the mixing in the simulations is slower than the
experimental engine due to the lack of the boundary-layer trips. Even with the apparent limitations of
the simulation in directly reproducing this specific experiment, the LES results are capable of capturing
the overall behaviour of the engine flow and, more importantly, of the combustion process. In the next
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Figure 4.13: Comparison between experimental OH-PLIF results for shots 12094, 12098 and 12103
and the numerical OH species density at the stream-wise plane at z =+3 mm.
section, the simulation results are analysed in more detail for better insight into the flow features.
4.3.1 Flow field and flow properties
Figure 4.14 shows OH and H2O mass fractions, and enthalpy of formation for the mixture. The
enthalpy of formation represents heat release and has negative values as the process is exothermic. The
contours are shown at several span-wise slices along the engine, as well as in the stream-wise plane at
z =+3 mm. Looking at z =+3 mm gives an image equivalent to the region around the centre-plane
of the engine imaged by the laser sheet. Therefore, it will be used in all figures in this section. In the
images it is clear that, in this configuration without boundary-layer trips, most of the chemical activity
happens around the CVP caused by the fuel injection and bow shock, which propagate symmetrically
through the engine increasing fuel mixing on their path. As a result, OH and H2O production are
higher around them and consequently that is where most of the heat release happens. Interestingly, in
these simulations it can be seen that the length of the combustor is not enough for the CVP to meet in
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the centre, where chemical activity is constrained to a very thin region close to the wall.
Figure 4.14: From top to bottom: contours of OH mass fraction, H2O mass fraction and enthalpy of
formation for φ = 0.15 (stream-wise plane at z =+3). Inflow conditions in Table 4.1.
The simulations indicate that OH is indeed present just downstream of the injector, although its
behaviour is different from experiment. Here, it is present at the edge of the fuel plume, following the
bow shock, and not in a thicker turbulent zone close to the wall. This could be due to lower mixing and
lack of resolved turbulence originating from the boundary-layer trip, but the cause of the difference is
uncertain. Regardless, it agrees with experiment in that chemical activity is present as far upstream as
fuel is introduced and in fact combustion reactions are completed in this region, generating H2O and
promoting heat release upstream of the throat, albeit at low levels. It is evident there is a considerable
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increase in chemical activity as the flow enters the combustor, where it is fully processed by the intake
shocks, leading to higher radical production and heat release.
Figure 4.15: From top to bottom: contours of pressure, temperature and Mach number for φ = 0.15
(stream-wise plane at z =+3). Inflow conditions in Table 4.1.
Figure 4.15 shows contours for pressure, temperature and Mach number. For temperature and Mach
number, it can be seen that the effects of combustion are localised around the fuel plume. The flow
gets hotter around the CVP, where heat release is most intense. As a consequence of the temperature
increase, Mach number is reduced in the same region. The fuel plume quickly heats up as well, with
the cold regions remaining close to the wall up to 100 mm into the combustor. It can be clearly seen
that the core of the CVP remains at a colder temperature than its edges, as the heat release and mixing
slowly reach the centre of the vortices.
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As for pressure, it can be seen there is a constant increase in pressure levels as the flow moves down
the combustor. The reflected shocks from the intake hit the combustor close to its edge, meaning the
flow is fully processed by the intake shocks right from the start of the combustor. The shock train thus
formed is visible up to about half the combustor length, where it gets dissipated by higher pressure,
most likely induced by heat release. This agrees with the observed in Fig. 4.6, where in the fuelled
LES results the shock train is irregular and disappears towards the end of the combustor.
Figure 4.16: Contours of H2 mass fraction (top) and O2 mass fraction (bottom) for φ = 0.15 (stream-
wise plane at z =+3).
After the flow gets fully processed by the intake shocks, pressure and temperature quickly increase.
Since this flow already contains radicals from the reactions near the injector, the combustion process
intensifies quickly once it reaches these conditions, leading to the noticeable increase in OH production
and heat release seen just downstream from the throat. To complement these results, Fig. 4.16 shows
the mass fraction of H2 and O2. It can be seen that H2 is present in significant quantities up to around
x = 100 to 150 mm, where its mass fraction gets lower and there is very little to no H2 visible in the
stream-wise plane, with a small amount persisting in the CVP cores. The O2 mass fraction shows
that the free-stream oxygen never reaches the bottom wall, with a visible oxygen-free region where
the fuel plume is. For the first 150 mm of the combustor, there is another layer on top of that on the
stream-wise plane, where oxygen is getting mixed and the mass fraction is about half the available on
the free-stream (see note A). After that, however, larger turbulent structures appear and the layer is no
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Figure 4.17: (a) Averaged pressure and mass-flow-rate averaged temperature, and (b) mass-flow-rate
averaged enthalpy of formation of all species, in span-wise slices along the engine for φ = 0.15.
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Figure 4.18: (a) Mass-flow-rate averaged OH and H2O mass fractions with (b) a detail of the ramp
region, in span-wise slices along the engine for φ = 0.15.
longer well defined. This indicates combustion is mixing-limited, as fuel and oxygen do not seem to
mix properly before reactions happen. As it is, reactions begin early on and fuel burns as soon as the
free-stream oxygen is capable of mixing with it.
Figures 4.17 and 4.18 show the averaged pressure and mass-flow-rate-weighted averaged tempera-
ture, OH and H2O mass fractions, and enthalpy of formation of all species in the gas mixture. It can be
seen the flow is quickly compressed as it goes through the throat, as was discussed previously. Pressure
and temperature both increase quickly up to the throat, after which there is a more modest increase rate.
Pressure and temperature at the throat reach approximately 60 kPa and 1200 K, above the requirements
for hydrogen autoignition. This corroborates the discussion above as these conditions, on a flow seeded
with radicals, would quickly intensify the combustion rate. This is seen in Fig. 4.18a, where there is a
considerable increase in the mass fraction of OH and H2O at the start of the combustor, up to around
x = 50 mm. Both species are already present in small quantities upstream of the injector, as seen in
80
4.3. NUMERICAL RESULTS
the contours in Fig. 4.14. After this point, water increases at a steady, albeit slightly slower, rate. For
OH, however, the increase rate drops sharply between x = 50 and 250 mm, after which it recovers and
increases at the same rate as H2O. This indicates OH is consumed faster than it is produced in the first
half of the combustor, which indicates mixing-limited combustion as has been discussed above. Finally,
it can be seen in Fig. 4.17b that the enthalpy of formation of all species in the mixture, which represents
heat release, increases quickly into the combustor, as expected from the results discussed above. Please
note the y-axis is inverted as negative enthalpy of formation corresponds to an exothermic process. The
rate of increase for enthalpy of formation follows that of water, which is the species whose production
most contributes to heat release. Also note that the initial value is positive, due to the presence of
NO and atomic oxygen in the free-stream flow, which have a positive enthalpy of formation, i.e. their
production takes energy from the flow. These are the result of dissociation and recombination in the
nozzle supply region of the experimental facility.
4.3.2 Mixing and combustion efficiency
In this section, the mixing and combustion efficiencies are presented for the engine. Before the results
are discussed, the method to calculate both efficiencies is briefly described. The mixing efficiency is
defined as [68]
ηm =
∮ ∫
YH2ρudydz
/∮ ∫
Y rH2ρudydz, (4.2)
where
Y rH2 =

YH2 YH2 ≤ Y stoicH2(
1−YH2
1−Y stoicH2
)
Y stoicH2 YH2 > Y
stoic
H2
. (4.3)
The term Y stoicH2 is the stoichiometric mass fraction for a hydrogen-air mixture. Combustion efficiency
represents how much of the hydrogen mass available has been converted into water [78] and is defined
as
ηc =
0.1119m˙H2O
m˙H2,injected
. (4.4)
The results discussed in the previous sections indicate combustion in the engine is mixing-limited.
Ignition happens early and combustion intensifies quickly past the throat. Conditions inside the
combustor are sufficient for hydrogen autoignition, meaning fuel burns as soon as it mixes locally with
the free-stream air. Oxygen is incapable of mixing properly and a thick oxygen-free layer develops
where the fuel plume is. To complement these results, Figure 4.19 shows mixing and combustion
efficiencies at span-wise slices along the engine. There is a fast increase in both mixing and combustion
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Figure 4.19: Mixing and combustion efficiencies on span-wise slices along the engine for φ = 0.15.
efficiency as the flow enters the combustor, coinciding with the observed increase in OH and H2O mass
fractions in Fig. 4.18a. This sudden increase in mixing rate is due to the strong vorticity generated in
the shock-fuel plume interaction [43]. The rate is initially higher for both efficiencies, up to around
x = 50 mm, reducing downstream. For the remainder of the combustor, the rate of increase for both
efficiencies is very similar, with mixing efficiency increasing slightly faster, particularly after x = 250
mm. This is another indication of mixing-limited combustion. While both efficiencies are increasing,
the increase in combustion efficiency is dictated by the increase in mixing efficiency. As soon as fuel
and air mix at the edge of the fuel plume, they burn. The final values for mixing and combustion
efficiency are, respectively, 76 and 65%.
4.3.3 Combustion regimes
To conclude the analysis of the supersonic combustion process, the combustion regimes need to be
calculated. The methodology to calculate the parameters used in determining the regimes can be found
in Section 3.2.4. As discussed in Section 3.2.4, before calculating the parameters required to determine
the combustion regimes, the cells are filtered by turbulence level and chemical speed, where cells with
turbulent kinetic energy kt < 1 and reaction time τc > 1 are not considered. This discards cells where
turbulence and reaction speeds are negligible. For more details, please refer to Section 3.2.4.
The analysis begins with a determination of the combustion modes, i.e. premixed or non-premixed.
This is done by evaluating the Takeno flame index (TFI) [130], defined as
T FI = ∇YO2 ·∇YH2. (4.5)
A positive TFI indicates the angles of the vectors ∇YO2 and ∇YH2 are aligned, i.e. oxygen and hydrogen
are coming from the same direction, therefore combustion is premixed. On the other hand, a nega-
82
4.3. NUMERICAL RESULTS
tive value indicates ∇YO2 and ∇YH2 approach from opposite directions, characterising non-premixed
combustion.
Figure 4.20: Combustion regime diagram in the engine divided by combustion mode. Left is for
non-premixed, right is for premixed combustion.
Figure 4.20 shows a heat map of the distribution of combustion regimes in the engine filtered by
TFI. The diagram on the left contains all grid cells in which combustion is non-premixed, T FI < 0.
The diagram on the right represents premixed combustion, T FI ≥ 0. The n value on each plot is the
number of grid cells in which either combustion mode is present. The total number of cells used in the
diagrams is just over 56 million, or around 81% of the total number of grid cells. This means 20% of
the grid has nearly laminar flow or reactions that are too slow. It can be seen that most combustion is
non-premixed, with around 71% of the total number of cells contributing to non-premixed rather than
premixed combustion. Non-premixed combustion is distributed on higher Damköhler numbers, in the
flamelet region, according to the metrics we have used, indicating fast chemistry. This agrees with
the previous discussion regarding the flow being mixing-limited. While non-premixed regimes are
spread over a wider range of Damköhler numbers, most of it is concentrated around a narrow region
spanning logDa = 1 to 4 over a large range of Reynolds number. Premixed combustion is also spread
over a large range of Reynolds number, but with a higher concentration on lower logRet , meaning
the regions where premixed combustion happens are less turbulent. The regimes are distributed over
the flamelets and thin reaction zones regimes. There is a region, at approximately logDa = 2 and
logRet = 1, which seems to concentrate a large number of grid cells (see note A). This is most likely
combustion happening at the start of the combustor, where the interaction between the boundary-layer
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and the reflected intake shock create a limited separation region. Combustion in this region would be
subsonic and therefore over a more limited range of combustion regimes.
Figure 4.21 shows contours of TFI in the engine. This allows investigation of where in the engine
each combustion mode takes place. Around the fuel plume, upstream of the combustor, TFI is almost
completely negative, indicating the region is non-premixed. However, there are some small regions
inside the fuel plume where TFI is positive, mainly close to the wall. This is likely due to mixing
happening in the recirculation regions upstream and downstream of the injector [45], where fuel can get
entrained and mixed with air. Inside the combustor, there is a premixed region that begins immediately
downstream of the throat, close to the bottom wall. This region reduces in thickness until disappearing
on the stream-wise plane after x = 150 mm. The premixed region persists entrained within the CVP
up to x = 200 mm, after which there is negligible premixed combustion in the engine. Enveloping
this premixed region is a layer of non-premixed combustion at the edge of the fuel plume. This layer
persists through the entire combustor, becoming more distorted as the length scale of the turbulence
increases as it moves downstream. Interestingly, the premixed region coincides precisely with the
reduction in the production rate of OH in Fig. 4.18a. This could indicate that in the premixed region
completion reactions are favoured, consuming OH faster than it is produced. Further downstream,
in the non-premixed region, the production rate of OH increases again. Water seems unaffected by
this. These results show that no single combustion mode exists exclusively in the flow. Combustion is
initially non-premixed only, until a premixed region develops. Both modes are present simultaneously
at the first half of the combustor, after which combustion reverts to being non-premixed only.
Figure 4.21: Takeno flame index contours in the engine.
Figure 4.22 shows the regime distribution filtered by heat release rate. That is, the plots are
separated by the number of cells that contribute to a certain level of heat release. On the diagram on
the right are the cells with the highest specific heat release rate that contribute to 90% of the total
heat release (h˙90) in the engine. On the central diagram are the cells that contribute to 99% of the
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Figure 4.22: Combustion regime diagram in the engine divided by heat release rate. From left to right:
regimes for 100%, 99% and 90% of heat release in the engine.
heat release in the engine (h˙99). On the left are all the cells used to generate the diagrams. This
indicates that only a small number of cells, around 2 million, or 4% of the total number of cells, are
responsible for most of the total heat release in the engine. The regimes in these cells are shown in the
right-most diagram. They are distributed along the boundary between the flamelets and thin reaction
zones regimes in the premixed regime diagram, with a noticeable concentration in lower Reynolds
and Damköhler numbers. These regimes dominate the heat release. Considering cells with a lower
specific heat release rate, accounting for 99% of the total heat release, on the central diagram, it can
be seen that around 13% of the cells in the grid are responsible for 99% of the heat release. The
distribution is similar to the h˙90 diagram, since it includes those cells. However, the distribution is
more evenly distributed along the boundary, with a small concentration towards higher Damköhler
number, at around logDa = 4.
These results clearly demonstrate how complex the supersonic combustion process is in scramjet
engines. Even though combustion is mixing-limited for most of the engine, there are regions of
both premixed and non-premixed combustion, including regions where both happen simultaneously.
The overall regime distribution is also complex. While in the non-premixed diagram combustion
seems firmly in the flamelet regime, for premixed combustion it is distributed over multiple regimes,
particularly over the flamelet and thick reaction zone regimes.
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4.4 Summary
In this chapter, experimental and numerical results were analysed for an inlet-fuelled scramjet with
flow enthalpy equivalent to Mach 10, and a fuel equivalence ratio of φ = 0.13. Experimental results
were obtained for wall pressure and the turbulent flame was observed directly using OH-PLIF imaging.
These results indicate reactions begin early in the engine, with OH visible immediately downstream
of the injector. As the flow progresses further downstream, it can be seen OH occupies a region that
spans the height of the fuel plume, with turbulent structures clearly seen in the convoluted flame
boundary. The flame becomes less turbulent towards the end of the combustor, most likely due to an
increase in temperature leading to faster chemistry. Large-Eddy Simulations were performed using the
experimental inflow conditions to provide better understanding of the flow features and characterise
combustion. As the simulations didn’t include a boundary-layer trip, mixing is slower than in the
experimental testing. Nonetheless, good agreement is obtained when investigating a stream-wise plane
offset by 3 mm from the centre-plane. Numerical results show that the flow is quickly compressed as it
enters the combustor, reaching conditions suitable for hydrogen autoignition. In this radical-seeded
flow, there is initially fast production of water and OH. While OH production slows down, water
increases consistently. This leads to consistent heat release in the engine, reaching a combustion
efficiency of 65%. Combustion in the engine seems mixing-limited, and mixing efficiency reaches
approximately 76% at the end of the combustor. The numerical results also indicate combustion
is multi-mode, with non-premixed and premixed combustion both happening in the engine, either
alternating or, in some regions, simultaneously. Non-premixed combustion is more prevalent, but not
dominant. In terms of combustion regimes, according to the metrics we have employed, non-premixed
combustion happens primarily in the flamelet regime, whereas premixed combustion happens over
multiple regimes, most particularly flamelet and thick reaction zones. These results confirm that
the combustion process in a scramjet engine, driven by its flow non-uniformities, is multi-mode and
multi-regime.
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CHAPTER 5
OXYGEN ENRICHMENT EFFECTS ON SUPERSONIC
COMBUSTION
Having demonstrated, in the previous chapter, that the Large-Eddy Simulations reasonably capture
the supersonic combustion process in a high-Mach-number scramjet engine, this chapter presents a
numerical investigation of the effects of oxygen enrichment in a similar engine. The chapter starts
by discussing the simulation parameters and boundary conditions, followed by an analysis of oxygen
enrichment at an enrichment percentage EP = 12.5%. This is compared with a non-enriched case. The
results begin with an examination of the overall flow-field and how it is affected by oxygen enrichment,
followed by a characterisation of the supersonic combustion process in terms of the combustion modes
and regimes and how these are influenced by the addition of premixed oxygen.
5.1 Grid and boundary conditions
The grid used for the LES simulations in this chapter is the same as the one discussed in Section 4.1.
Since the simulations presented in this chapter are at very similar conditions, it is assumed that the
analysis of the adequacy of the grid resolution still applies. The inflow conditions are different and
shown in Table 5.1. In the table and for the remainder of this chapter, base refers to the base, non-
enriched case, i.e. pure hydrogen injection, and enriched refers to the case with oxygen-enrichment,
i.e. injection of hydrogen premixed with oxygen. The mass flow rate of hydrogen is the same for both
cases.
Two parameters are used to define the oxygen enrichment level in the engine. The first one is the
enrichment percentage, given in percent by
EP =
1
8
m˙O2,p
m˙H2
×100, (5.1)
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Table 5.1: Inflow conditions for the oxygen-enrichment Large-Eddy Simulations.
Units Inflow Injector
Base Enriched
ρ∞ [kg/m3] 2.48×10−2 7.44×10−1 2.05
T [K] 213 249 249
u∞ [m/s] 3037 1203 874
M - 10.4 1 1
YN2 - 0.767 - -
YO2 - 0.233 - 0.5
YH2 - - 1.0 0.5
m˙H2 [kg/m
3] - 1.80×10−3 1.80×10−3
φ - - 0.250 0.242
EP % - - 12.5
FAP % - - 3.1
where m˙O2,p is the mass flow rate of premixed oxygen, i.e. it does not include the oxygen in the
free-stream air. The factor of 1/8 accounts for the molar weights of hydrogen and oxygen and the 2:1
molar stoichiometric ratio. What this represents is the amount of fuel that can react with the premixed
oxygen if complete combustion is achieved. In the cases discussed in this chapter, with EP = 12.5%,
this means that 12.5% of the injected mass of hydrogen could be burned by the premixed oxygen. The
enrichment percentage, as Eq. 5.1 shows, relates only the mass flow of injected fuel and oxygen, m˙H2
and m˙O2,p. That is, if either m˙H2 or m˙O2,p were changed, the enrichment percentage would change. On
the other hand, if the mass flow rate of air captured by the engine is changed, changing the intake mass
flow rate of oxygen, there would be no effect on the enrichment percentage.
The second useful parameter is the free-stream addition percentage, which is given by
FAP =
m˙O2,p
0.232m˙air
×100, (5.2)
where m˙air is the mass flow rate of air captured by the engine. This is essentially a ratio between
premixed oxygen and the oxygen available in the free-stream. Note in Table 5.1 that this value is small,
at just over 3%, meaning the premixed oxygen, while being 50% of the mass being injected, is just a
small fraction of the oxygen available in the free-stream.
A note must be made on the effect of oxygen enrichment on equivalence ratio. The target
equivalence ratio for the base case was φ = 0.250 and the same mass flow rate of hydrogen was used
for the enriched case. However, since more oxygen is present in the latter due to enrichment, the
effective equivalence ratio was slightly lower, at φ = 0.242. Please note both the inflow and fuelling
conditions are different than those used in Chapter 4. The inflow conditions used in this chapter are
"pure" Mach 10, i.e. the free-stream Mach number at the engine inlet is 10.4. The fuelling condition is
also higher, at φ = 0.25 compared to φ = 0.15 in Chapter 4.
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5.2 Results
The results obtained in the simulations are presented in this section. We start by analysing the overall
flow-field in the engine by comparing the enriched and base cases.
5.2.1 Flow-field and flow properties
Figures 5.1 and 5.2 show the pressure and temperature contours, respectively, for both base and
enriched cases.
The impact caused by oxygen enrichment is immediately obvious in the flow-field. Both pressure
and temperature are higher overall in the engine, most likely as a consequence of enhanced heat release
due to increased and earlier combustion, as will be discussed later. In Fig. 5.1 particularly, it can be
seen that the shock train seems to be sustained for the same length in both cases, up to around x = 150
mm, but the pressure behind the shocks is higher for the enriched case, likely a result of the higher
injector-to-free-stream momentum ratio in the enriched case. While the total injected mass flow rate
of hydrogen fuel is maintained between cases, the addition of oxygen in the enriched case means
there is double the mass as the proportion of injected hydrogen and oxygen is 1:1 by mass. Therefore,
the injector-to-free-stream momentum ratio is also doubled. This increases fuel penetration, as can
be seen in Fig. 5.1, where the bow shock for the enriched case reaches further towards the opposite
combustor wall. As will be discussed in more detail Chapter 6, the extra injected mass contributes
to enhanced combustion, due to the stronger bow shock (caused by the higher momentum ratio) and
extra compression provided, which promote earlier ignition. How this effect compounds with oxygen
enrichment has not been analysed in detail here.
To analyse these results quantitatively, Fig. 5.3 shows the area-averaged pressure and mass-flow-
rate-averaged temperature at several locations along the engine. These results, and all following
averaged results, were obtained from time averages of the LES results, as described in Section 3.2.4. It
confirms that both pressure and temperature are higher overall, particularly from the throat and into the
combustor (x≥ 0). The increase in pressure corroborates the above discussion. The small difference in
pressure of approximately 10% at the throat and start of the combustor, up to about x = 50 mm, can be
attributed to the increased mass flow rate from the injector, but the pressure rise afterwards is slightly
steeper for the enriched case through to the end of the combustor, which will be shown to be due to
more rapid combustion. This results in a maximum average pressure difference of 18% between the
cases. Temperature rise is also initially steeper for the enriched case, indicating earlier combustion.
Another interesting behaviour is the one observed in the counter-rotating vortex pair (CVP), which
can be seen on the span-wise slices. In the base case, there is a clear region of unmixed cold fuel,
enveloped in a hotter region of reacting gas (see note A in Fig. 5.2), which lasts until at least x = 250
mm. In the enriched case, on the other hand, the cold core of the CVP is much more distorted and
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quickly consumed. This combustion causes an earlier temperature rise off-centre.
Figure 5.1: Pressure contours for the base (top) and enriched (bottom) cases (centre plane at z = 0).
Inflow conditions in Table 5.1.
Figure 5.2: Temperature contours for the base (top) and enriched (bottom) cases (centre plane at z = 0).
Inflow conditions in Table 5.1.
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Figure 5.3: Area-averaged pressure and mass-flow-rate averaged temperature along the engine for both
cases (centre plane at z = 0). Inflow conditions in Table 5.1.
Species mass fractions
Figure 5.4: OH mass fraction contours for the base (top) and enriched (bottom) cases (centre plane at
z = 0).
Figures 5.4 and 5.5 show the OH and H2O mass fractions, respectively. Again, the effects of
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Figure 5.5: H2O contours for the base (top) and enriched (bottom) cases (centre plane at z = 0).
Figure 5.6: O2 contours for the base (top) and enriched (bottom) cases (centre plane at z = 0).
oxygen enrichment are immediately visible in both cases, as there is more OH and H2O being produced
in the enriched case, with the latter indicating a higher combustion completion rate. The OH contours
indicate reactions start more vigorously off the centre plane on both cases, where the CVP mixes fuel
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and air (see note B in Fig. 5.4). In the enriched case, however, reactions are more intense around the
centre plane, starting at the injector bow shock. As can be seen in Fig. 5.5, even water is formed in
the bow shock, indicating complete reactions as soon as fuel is injected. The stronger reactions in
the centre plane can be better understood with Fig. 5.6, which shows the O2 mass fractions for both
cases. In the wake of the bow shock, the base case has a region without oxygen, as the fuel displaces
the free-stream flow. It can be seen that downstream of the throat air begins mixing properly with the
fuel, with the oxygen mass fraction increasing close to the wall in the region where the fuel plume
is present. Once combustion gets stronger further downstream, at around x = 200 mm, this oxygen
gets consumed and regions without oxygen are created once more. Combustion at this stage most
likely becomes mixing-limited. In the enriched case, on the other hand, the bow shock wake contains
a much higher fraction of oxygen, compared to the free-stream, due to premixing. There is a very
thin region at the edge of the fuel plume where oxygen is already consumed by the strong reactions
happening in the vicinity of the bow shock, indicating the oxygen that is consumed is premixed plus
free-stream oxygen. Combustion is faster in the enriched case and the oxygen within the fuel plume
(both premixed and that entrained from the free-stream) is quickly consumed downstream of the throat,
leading to an oxygen-free region between x = 50 and 100 mm. A similar region exists in the base case
at x = 250 to 300 mm, much further downstream. Mixing efficiency will be discussed in the following
section.
Fig. 5.7 shows the mass-flow-rate-weighted average for both combustion product species along
the engine. The production rate of both OH and H2O are clearly higher for the enriched case, again
indicating increased chemical activity. It can also be seen that there is production of both species as
soon as fuel is injected, indicating reactions begin much earlier in the enriched case. It is interesting to
note that the production of OH seems to oscillate for the enriched case. There is initially a reduction in
the available OH mass fraction between x =−50 and −20 mm, while water mass fraction increases in
the same region. This is followed by a steep rise in OH mass fraction at the start of the combustor,
accompanied by a similar rise in water mass fraction. The OH mass fraction increase then slows down
at around x = 100 mm, while water keeps its high rate of increase for longer. This indicates OH is
being produced slower than it is consumed in the regions where the rate of increase reduces, which
could be due to the depletion of the premixed oxygen leading to more mixing-limited combustion. The
increase in OH accelerates again further downstream, in the second half of the combustor, but this is
not converted into a similar increase in water. For the base case, the behaviour is that of a more gradual
increase in both OH and water. The final values of water mass fraction indicate far more complete
combustion happens in the enriched case. This is evidenced by the considerably higher mass fraction
of water in the enriched case, approximately 34% more than the base case.
Finally, Fig. 5.8 shows contours for the enthalpy of formation summed over all species, which
is an indication of the heat release. Values are negative since heat release is an exothermic process,
meaning the enthalpy of formation of products is lower than that of reactants. The contours represent
93
CHAPTER 5. OXYGEN ENRICHMENT EFFECTS ON SUPERSONIC COMBUSTION
 0
 0.01
 0.02
 0.03
 0.04
 0.05
 0.06
-100  0  100  200  300  400
 0
 0.001
 0.002
 0.003
 0.004
 0.005
Y H
2O
 [-
]
Y O
H 
[-]
Position [mm]
YH2O,baseYH2O,enrichedYOH,base
YOH,enriched
(a)
 0
 0.001
 0.002
 0.003
 0.004
 0.005
-100 -80 -60 -40 -20  0  20  40
 0
 0.0002
 0.0004
 0.0006
 0.0008
 0.001
Y H
2O
 [-
]
Y O
H 
[-]
Position [mm]
YH2O,baseYH2O,enrichedYOH,base
YOH,enriched
(b)
Figure 5.7: (a) Mass-flow-rate-weighted averaged mass fractions for OH and H2O along the engine for
both cases and (b) a zoom into the region upstream of the throat.
the enthalpy of formation for all species in the gas mixture. The enriched case has much stronger heat
release than the base case, as expected from the previous results. The final heat release is 70% higher
in the enriched case. There is heat release as early as the injector, which is expected from the observed
reactions happening at the injector bow shock. This is confirmed in Fig. 5.9, where heat release can be
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Figure 5.8: Enthalpy of formation contours for the base (top) and enriched (bottom) cases (centre plane
at z = 0).
seen upstream of the throat for the enriched case, which also presents a much steeper rise than the base
case. In fact, reactions seem intense enough in the intake that it could adversely affect performance by
raising the pressure on the forward-facing ramp, and hence the drag. As it is, oxygen enrichment is
probably better suited for use in combustor injectors, something that should be investigated in a less
fundamental engine design.
It is clear combustion is stronger in the enriched case, but the process still seems to be mixing
limited, albeit with different behaviours in each case. In the next section, the mixing and combustion
efficiencies will be discussed.
5.2.2 Mixing and combustion efficiencies
Figure 5.10 presents mixing and combustion efficiencies for both base and enriched cases. Mixing
efficiency is clearly higher for the enriched case, presenting values of around 16% immediately
downstream of the injector, against only 3% for the base case, corresponding to a 13% increase due to
premixing. There is a fast increase downstream of the injector, followed by another increase in the rate
inside the combustor, up to x = 50 mm, after which the rate of increase is slower. The base case, on the
other hand, has a much more modest increase downstream of the injector. The increase in rate at the
first 50 mm of the combustor is also present in the base case, but it quickly reduces. The overall rate of
increase of mixing efficiency in the base case is lower than the enriched case for most of the combustor.
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Figure 5.9: Mass-flow-rate-weighted averaged enthalpy of formation along the engine for both cases.
The rate improves after x = 250 mm, but it is not enough to recoup the difference accumulated by
the enriched case. The final mixing rate for the enriched case reaches nearly 91% efficiency, while
the base case remains at approximately 67%. That corresponds to 24% improvement in the mixing
efficiency, nearly double the 13% increase due to premixing alone. This indicates the mixing process
has been significantly altered by oxygen enrichment.
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Figure 5.10: Mixing and combustion efficiencies along the engine for both cases.
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Figure 5.11 shows contours of N2 mass fractions on a span-wise plane at x =−50 mm for both
cases. This corresponds to the region where there is an increase in mixing efficiency in the enriched
case downstream of the injector (see Fig. 5.10). The contours are shown for time-accurate and time-
averaged conditions. The N2 contours allow visualisation of the fuel plume profile as it displaces
the nitrogen in the free-stream. The fuel plume profile is clearly different between cases. From the
instantaneous snapshot in Fig. 5.11a, the base case seems to maintain a more cohesive profile, with
almost no visible turbulence in the boundary of the fuel plume. The enriched case, on the other hand,
has a distorted profile, with a thick mixing region that stretches further into the flow than the base case,
as can be seen in note A. This region can also be seen clearly on the time-averaged results in Fig. 5.11b.
The enriched case is also more turbulent, with clear turbulent structures around the fuel plume. The
structure of the CVP, in particular, is very distorted by turbulence in the enriched case (see note B),
whereas the base case maintains a more clear CVP profile.
The time-averaged contours in Fig. 5.11b give a more general picture of the shape of the fuel
plume, free of unsteadiness. It can be clearly seen the penetration in the enriched case is much higher,
as indicated by note C. It can also be seen the boundary of the fuel plume, indicated by the dotted
lines, is much larger for the enriched case. This means the fuel plume in the enriched case has a higher
mixing area than the base case, which improves mixing. This explains the visible increase in mixing
rate for the enriched case. The fuel plume penetrates further and has more surface area than the base
case, while also being more turbulent overall.
In the case of combustion efficiency, it is clearly higher for the enriched case, finishing at around
68%, whereas the base case reaches just under 50% combustion efficiency. This improvement is greater
than that expected from consuming the premixed oxygen alone by over 5%. The base case seems
mixing-limited over the entire engine, with the rate of increase of combustion efficiency following
that of mixing efficiency. This means the increase in combustion efficiency is dictated by the increase
in mixing efficiency. The enriched case shows a different story. There is a considerable increase
in combustion efficiency in the first 150 mm of the combustor, which coincides with consumption
of the premixed oxygen. Mixing efficiency at this stage reaches above 40%, almost the final level
reached by the base case. From this point, combustion becomes mixing-limited and the rate of increase
of combustion efficiency begins to follow that of mixing efficiency. This coincides with the faster
production rate of water seen in Fig. 5.7.
Petty et al. [94] postulated, based on LES simulations of an oxygen-enrichment experiment
performed in T4 [102], that the observed increase in combustion efficiency when using oxygen
enrichment was due to enhanced mixing caused by higher shear and density ratio across the mixing
layer. The slower oxygen-enriched fuel flow causes higher velocity gradients in the mixing layers,
driving production of turbulence and increasing turbulent kinetic energy. A similar behaviour is
observed here, confirmed in Fig. 5.12, which shows the turbulent kinetic energy, kt , extracted from
cross-wise slices along the engine for both cases. This is the total kt , described in Eq. 3.45, which
97
CHAPTER 5. OXYGEN ENRICHMENT EFFECTS ON SUPERSONIC COMBUSTION
(a)
(b)
Figure 5.11: (a) An instantaneous snapshot and (b) time-averaged contours of N2 mass fractions on
a span-wise plane at x = −50 mm. The dotted line indicates an approximation of the fuel plume
boundary.
considers the kinetic energy in both resolved and modelled scales. It can be seen that kt for the enriched
case is higher for most of the combustor, save for a peak in the base case at x = 50 mm. This is most
likely due to the presence of a boundary-layer separation in this region in the base case, which would
increase turbulence. The enriched case, due to earlier ignition and the displacement of the shock
train due to increased injected mass, doesn’t show this behaviour. The enriched case presents higher
turbulent kinetic energy upstream of the throat, which helps produce the enhanced initial mixing rate
observed immediately downstream of the injector and the initial stage of the combustor.
This shows that oxygen enrichment has a considerable impact on the combustion efficiency in the
engine, with a high efficiency level reached considerably earlier in the combustor. This could not only
contribute to expanding the scramjet operational envelope, but also be used to shorten the combustor
length, which would contribute to drag reduction.
98
5.2. RESULTS
5.2.3 Combustion regimes
The main goal in analysing these results is characterising in which ways, if any, oxygen enrichment
changes the combustion modes and regimes in the engine. This is shown in Figs. 5.13 and 5.15. As in
Chapter 4, these were obtained by calculating turbulent Reynolds and Damköhler numbers on every
cell in the grid with kt > 1 and τc < 1 (see Section 3.2.4), and plotting these results as a heat map
to show which regions of the diagram contain more cells, i.e. which regimes are dominant in the
combustion process.
Figure 5.13 shows the combustion modes for both cases, i.e. whether combustion is premixed or
non-premixed. The diagram on the left shows non-premixed combustion, the right is for premixed
combustion. These are distinguished by the Takeno flame index [130] which separates non-premixed
and premixed conditions (see Eq. 4.5), as has been discussed in Section 4.3.3. The number in
parenthesis above each diagram, n, indicates how many grid cells are used in each diagram. The
overall distribution of the heat map is similar for both cases, but it can be seen from the number of
cells that the enriched case has more combustion happening in the premixed mode, with 41% of cells
in premixed mode compared to 31% in the base case. There was also an increase in 6% in the total
number of turbulent, heat-releasing cells in the enriched case. An increase in premixed combustion
was expected since premixed fuel is injected in the enriched case. There also seems to be a slight
shift upwards in both diagrams, towards higher Damköhler number, which means faster reactions.
Non-premixed regimes, while spread over essentially every regime, are stronger in the region where
unsteady effects are dominant in both enriched and base cases. Meanwhile, premixed regimes are
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Figure 5.12: Turbulent kinetic energy along the engine for both cases.
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Figure 5.13: Non-premixed (left) and premixed (right) combustion modes for (a) base and (b) enriched
cases.
spread over all regimes in the diagram, with a slight concentration on thick reaction zones, particularly
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for the enriched case.
Figure 5.14: Takeno flame index contours along the engine for both cases (centre plane at z = 0).
Negative indicates non-premixed and positive indicates premixed combustion.
To provide further insight into the distribution of combustion modes in each case, Fig. 5.14 shows
contours for TFI along the engine for both cases. Negative TFI indicates non-premixed combustion,
whereas positive TFI indicates premixed combustion. Non-premixed combustion is more widespread
in the base case, with the region upstream of the throat being dominated by it. There are regions of
premixed combustion restricted to the inside of the fuel plume on the centre plane for the first 200
mm of the combustor, enveloped by non-premixed combustion. Considerable regions of premixed
combustion can also be seen in the CVP up to x = 400 mm, after which combustion becomes non-
premixed again. This behaviour is similar to the experimental case in Chapter 4 (see Fig. 4.21).
The enriched case, on the other hand, has the region upstream of the throat dominated by premixed
combustion, with a thin layer of non-premixed at the edge of the fuel plume, following the bow shock.
This layer coincides with the layer in the wake of the bow shock where O2 mass fraction was lower (see
Fig. 5.6). The region of premixed combustion is sustained into the combustor, reducing in thickness
until it disappears past x = 150 mm. Downstream from there, non-premixed combustion dominates the
flow. The region with premixed combustion at the start of the combustor coincides with the region of
rapid increase in combustion efficiency (see Fig. 5.10). This indicates that the premixed fuel is quickly
consumed, increasing combustion efficiency, after which combustion becomes mixing-limited and
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non-premixed mode takes over.
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Figure 5.15: Premixed combustion regimes for (a) base and (b) enriched cases. From left to right:
regimes for 100%, 99% and 90% of heat release in the engine.
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Figure 5.15 shows the regime diagram for premixed combustion regimes. The diagram on the left
is for all turbulent cells in the grid. The diagrams in the centre and on the right contain the cells that
contribute to 99% and 90% of the heat release rate, respectively. This is explained in more detail in
Section 4.3.3.
A very small number of cells, with highest specific heat release, is responsible for 90% of the heat
release (h˙90). This corresponds to around 2.5% of the total cells in the grid for the base case, and 4% in
the enriched case. In both cases, the distribution of regimes follows the boundary between the flamelet
regimes and the thick reaction zone regime, with a particular concentration towards logDa = 1 and
logRet = 0. In the enriched case, not only is that concentration higher but it also spreads further along
the regime boundary, towards higher Damköhler.
A higher number of cells is seen in the central diagram, considering cells with lower specific heat
release rate, contributing to 99% of heat release, but this is still only a fraction of the total number
of cells. This corresponds to around 10% of the total cells in the base case, and 14% in the enriched
case. As can be seen, the number of cells that contribute to heat release in the enriched case is a higher
proportion of the total number of cells, due to more intense and spread out combustion. The overall
distribution of regimes is again very similar between cases, with the overall distribution following the
boundary between the flamelets and thick reaction zone regimes. In this case, the region with highest
concentration of cells is shifted upwards. In the enriched case, this upwards shift is stronger, leading to
more combustion in the flamelet regime.
Overall, there seems to be a considerable concentration of cells in the thick reaction zone regime,
but for the enriched case, the distribution spreads both upwards into flamelet regimes, where chemistry
is faster, and downwards towards distributed reaction zones, where chemistry is slower and turbulence
is more dominant. It is also interesting to note that most of the heat release (90%) is happening close
to logDa = 1 and logRet = 1, exactly where the boundaries between these multiple regimes are close
together. This demonstrates how difficult to model this kind of flow can be. There is another big
contribution, an extra 9% of the heat release, happening right in the boundary between flamelets and
thick reaction zones, with the former being more prominent in the enriched case.
A few things become clear. There is a large range of combustion regimes happening inside the
engine, over both non-premixed and premixed combustion. The injection of premixed fuel and oxygen
increases the regions where premixed combustion takes place, but it does not significantly change the
distribution of combustion regimes. The local flow is altered considerably, and combustion efficiency
and heat release are significantly increased, but this seems to have little effect on the combustion
regimes. Comparing with the results in Chapter 4 (see Figs. 4.20 and 4.22), the distribution profile
is similar, i.e. the distribution is spread over multiple regimes with a particular concentration along
a diagonal line in the diagram. The main difference between the results in this chapter and the
experimental results in Chapter 4 is that those results are shifted upwards in the diagram, towards
higher Damköhler number, indicating the chemistry is faster for the experimental case. This makes
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sense: the inflow conditions in the experimental case have the same enthalpy of approximately 4.6
MJ/kg, but pressure and temperature are higher. The conditions in the combustor are higher than the
necessary for hydrogen autoignition. On the other hand, the inflow condition for the oxygen enrichment
results are lower in both pressure and temperature. The combustor conditions are therefore much lower.
In fact, even for the enriched case, pressure and temperature at the throat are approximately 30 kPa
and 1000 K, below the autoignition requirements. The more favourable combustion conditions in the
experimental case lead to faster chemistry, shifting the regimes upwards in the diagram. This could
indicate that the distribution of regimes over Reynolds number is somewhat insensitive to the inflow
conditions, at least for this particular engine configuration.
5.3 Summary
In this chapter, the effect of oxygen enrichment on the combustion process of scramjet engines was
analysed. Using Large-Eddy Simulations, results were obtained for a base case, with a Mach-10
inflow and equivalence ratio φ = 0.25, and an enriched case, with the same equivalence ratio and
inflow, and an enrichment percentage EP = 12.5%. Analysis has shown there is considerable impact
of oxygen enrichment on combustion and flow properties, in terms of higher pressure and temperate,
faster and stronger heat release, and higher mixing and combustion efficiencies. These effects are more
significant than similar effects caused by added mass, as will be discussed in Chapter 6. However, in
spite of these changes, the combustion regimes are little affected by the addition of premixed oxygen.
There is a higher contribution from premixed combustion modes in the enriched case, and the regimes
move slightly towards higher Damköhler number, i.e. faster chemistry, but the overall distribution of
combustion regimes in the engine is otherwise unaffected. All things considered, the effect of oxygen
enrichment in enhancing combustion is undeniable. The technique could be employed to increase
scramjet performance in many ways, such as by extending its Mach number and altitude operational
limits, or reducing total drag by reducing combustor length.
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THERMOFLUIDIC COMPRESSION IN SCRAMJETS
Preamble
During the design of the experimental model described in Section 3.1.1, CFD was used to test different
options for the internal flow path, in order to evaluate the flow conditions in the combustor. One of the
main design variables changed was the angle of the second pair of compression ramps. Simulations
with the initial chosen angle of 7o did not provide conditions suitable for combustion, so the angle
was increased, first to 8o and finally to 9o, which was used in the final design of the experimental
model. However, while investigating the 8o-ramp geometry with increasing equivalence ratios, it was
observed that the combustion obtained seemed disproportional to the increase in injected fuel. This
prompted further investigation, leading to a publication of a paper on the thermofluidic compression
effect in scramjet, which is reproduced in this chapter. It analysed the effect of inlet fuel injection on
the overall compression obtained in a scramjet engine and how it can promote combustion, especially
in a low-compression scramjet engine. The paper is reproduced in full, to properly present the concept
of thermofluidic compression. While methodology is discussed in the reproduced text, a more detailed
explanation of the solver equations can be found in Section 3.2.1. At the end of the chapter, the analysis
is expanded briefly with experimental results obtained during the experimental campaign described in
Chapter 4, focussing on the visualisation of OH around the injector region.
Reproduced from the following paper, published in the Shock Waves Journal:
A. F. Moura et al. “Thermofluidic compression effects to achieve combustion in a low-compression
scramjet engine”. In: Shock Waves 28.4 (2017), pp. 863–875. ISSN: 09381287. DOI: 10.1007/
s00193-017-0782-0. URL: https://doi.org/10.1007/s00193-017-0782-0
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Abstract
The compression provided by a scramjet inlet is an important parameter in its design. It must be
low enough to limit thermal and structural loads and stagnation pressure losses, but high enough to
provide the conditions favourable for combustion. Inlets are typically designed to achieve sufficient
compression without accounting for the fluidic, and subsequently thermal, compression provided by the
fuel injection, which can enable robust combustion in a low compression engine. This is investigated
using Reynolds-averaged Navier-Stokes numerical simulations of a simplified scramjet engine designed
to have insufficient compression to auto-ignite fuel in the absence of thermofluidic compression. The
engine was designed with a wide rectangular combustor and a single centrally-located injector, in
order to reduce three-dimensional effects of the walls on the fuel plume. By varying the injected mass
flow rate of hydrogen fuel (equivalence ratios of 0.22, 0.17, and 0.13), it is demonstrated that higher
equivalence ratios lead to earlier ignition and more rapid combustion, even though mean conditions in
the combustor change by no more than 5% for pressure and 3% for temperature with higher equivalence
ratio. By supplementing the lower equivalence ratio with helium to achieve a higher mass flow rate, it is
confirmed that these benefits are primarily due to the local compression provided by the extra injected
mass. Investigation of the conditions around the fuel plume indicate two connected mechanisms.
The higher mass flow rate for higher equivalence ratios generates a stronger injector bow shock that
compresses the free-stream gas, increasing OH radical production and promoting ignition. This was
observed both in the higher equivalence ratio case and the case with helium. This earlier ignition
leads to increased temperature and pressure downstream and, consequently, stronger combustion.
The heat release from combustion provides thermal compression in the combustor, further increasing
combustion efficiency.
6.1 Introduction
The air-breathing scramjet engine is considered an alternative to conventional rocket engines as the
second stage in an access-to-space system due to its higher specific impulse, potential re-usability, and
reliability [101]. Many technological challenges remain and the design of such an accelerating engine
must take into account several conflicting parameters. One example is the amount of compression the
inlet must provide. It should be as low as possible to reduce stagnation pressure losses and thermal
loads to the structure. However, compression based on the mean conditions inside the combustor must
be high enough to provide suitable conditions for combustion of the fuel [112]. But conditions inside a
scramjet combustor are far from uniform [43, 92], and studies with radical farming engines have shown
that combustion can be achieved even when the mean conditions are below the fuel ignition point [18].
Therefore, it is important that local conditions around the fuel plume be suitable for combustion, rather
than the mean conditions, allowing for robust combustion while at the same time permitting a low
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compression, low loss inlet, which has been shown to result in good overall system performance [112].
In simulations performed at the University of Queensland [8], inlet fuel injection was shown to help
combustion not only by providing a pilot flame for the combustor, but also through extra compression
of the intake air. Comparison between two inlet-fuelled cases, one with injection into air, another
with injection into nitrogen, have shown an increase in average temperature and pressure at the engine
throat in the unfuelled region of gas, i.e. the part of the gas where there is no fuel, of 5.6% and 10%,
respectively. There are two concomitant effects here, as discussed in this paper: thermal compression
due to heat release from combustion and the extra compression caused by the injection of fluid into the
intake air (hence fluidic compression). Thermal compression has been shown to increase combustion
in a scramjet with a non-uniform inlet [122]. Regarding fluidic compression, there are the combined
effects of increased jet to free-stream momentum ratio, caused by the increase in injectant, which
leads to increased penetration and affects the downstream flow [16, 45], and also an increase in bulk
mass flow. Fluidic compression also has previously been investigated as a way of maintaining the
shock-on-lip condition in a scramjet [51]. Here, we investigate whether this combined effect can be
used in a low compression engine, operating on the borderline conditions for hydrogen auto-ignition,
helping it achieve favourable combustion conditions by varying the injected fuel mass flow rate. This
may be particularly useful at the high Mach number end of an ascent trajectory, where, in the absence
of such an approach, the inlet contraction ratio required to achieve sufficient combustor pressure is
substantially greater than at low Mach numbers.
This work aims to demonstrate how the effect of thermofluidic compression can be used to achieve
ignition and subsequently enhance combustion in a scramjet flow-path designed to have insufficient
compression to auto-ignite the hydrogen when it is unfuelled. In varying the mass flow rate of fuel
in the engine, extra fluidic compression is obtained around the injector and in the early stages of the
combustor, promoting combustion which then reinforces itself through thermal compression. This is
demonstrated through CFD simulations of a single-injector scramjet engine by varying the equivalence
ratio of fuel supplied, with significant differences observed in combustion intensity (characterised
by a stream-wise combustion efficiency gradient) between each case. Section 6.2 presents the CFD
methodology utilised. The results are presented and discussed in Section 6.3.
6.2 Methods
A simple scramjet engine was designed to evaluate the effects of fluidic compression, as shown in
Fig. 6.1. The engine was designed to approximate a 2D configuration as much as possible. It had
symmetric ramps, with a single injector on the compression ramp on one side of the engine (inlet
injection), located at the centre line, 280 mm from the leading edge. The injector was at a 45o angle
to the local wall flow and had a constant diameter of 2 mm, delivering choked hydrogen flow to the
engine. The engine was composed of a 6o forebody and an 8o ramp, compressing the flow into the
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20-mm-high combustor. Combustor width was 80 mm in order to keep the fuel plume distant from the
side walls, limiting any effect these might have on the combustion process. The forebody was wider
than the rest of the engine to avoid any edge effects from being absorbed by the ramps. A nozzle was
not included in the simulations and a symmetry boundary condition was used along the centre plane
of the engine in the axial direction, as indicated by the shaded area in the isometric view in Fig. 6.1.
Inlet injection was chosen due to the thermal compression effects observed by Barth et. al [8], as well
as the advantages it presents over conventional injection into the combustor [43]. To approximate
experiments in impulse facilities such as shock tunnels, a cold-wall boundary condition was used for
the walls with Tw = 300 K.
Figure 6.1: Schematic of the scramjet engine used in the simulations.
Simulations were performed using the US3D solver, which uses a cell-centred finite volume
scheme to solve the compressible Reynolds-averaged Navier-Stokes (RANS) equations [86]. The
RANS simulations documented here used the one-equation Spalart-Allmaras turbulence model as
implemented in US3D [2, 25, 117]. The US3D software has been successfully used previously in
the Centre for Hypersonics to simulate several hypersonic flow conditions of interest to this work.
Injection and mixing studies have shown good agreement between RANS, LES, and experimental
results [44], as well as when using a hybrid RANS/LES approach [91, 92]. Simulation of injection
in a Mach 12 REST engine was successfully validated against experimental results [8]. Simulations
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of the combustion process of the same engine have also obtained good agreement with experimental
data [6]. Combustion was modelled using a 13-species, 33-reaction finite rate hydrogen-air reaction
mechanism [59]. Turbulence-chemistry interaction was not modelled, thus the simulations made
use of the quasi-laminar assumption. Recent studies comparing simulations assuming quasi-laminar
chemistry (no turbulence-chemistry interaction) to the assumed PDF combustion model [27] and
to a modified flamelet model for supersonic combustion [41] for scramjet combustion indicate that
the agreement with experimental data was not substantially improved by these available turbulence-
chemistry interaction models. In addition, RANS simulations of the Mach 12 REST scramjet engine
utilising quasi-laminar chemistry produced good agreement with experimental data at similar flow
conditions to those considered here [8]. Air was considered to be in thermal equilibrium, using NASA
Glenn thermodynamic data for vibrational-electronic energy [75].
6.2.1 Grid analysis
To assess grid convergence, an analysis was made for three grids with approximately 24, 33, and 39
million cells for a case with fuel equivalence ratio of φ = 0.22 and the inflow conditions given in the
next section. Richardson extrapolation (RE) [119] and the Grid Convergence Index (GCI) [104] were
calculated and are presented in Tab. 6.1 for the mean pressure, temperature, OH radicals mass fraction,
and combustion efficiency (defined in Section 6.3.3) at the combustor exit. All grids were structured
and clustered towards the combustor walls, with wall-adjacent cell height of 1 µm. Minimum cell
volume was 6×10−9 mm3 and maximum cell volume was 0.8 mm3.
Table 6.1: RE and GCI analysis of the grid used in the simulations.
Pressure Temperature OH ηc
Rc 0.58 0.53 0.43 0.53
f 41.64 kPa 1400.6 K 0.00321 59.73%
δRE1 7.3×10−5 3.2×10−5 1.6×10−5 5.2×10−5
δRE3 1.5×10−2 1.3×10−2 4.0×10−2 1.3
GCI1 0.9 % 0.3% 0.2% 0.6%
GCI3 1.9 % 1.7% 5.0% 2.7%
The value for the convergence ratio was 0 < Rc < 1 for every variable, indicating monotonic
convergence [119]. The observed order of convergence (pk) was 2, the same as the formal order of the
solver. Richardson extrapolation gave the approximate exact value f and the errors δRE1 and δRE3 for
the fine and coarse grids, respectively. Finally, GCI was calculated for all variables with a safety factor
Fs = 1.25 [104, 119] for both coarse (GCI3) and fine (GCI1) grids. All variables had errors below 1%
on the fine grid. These results indicate the solutions were sufficiently grid-independent. Even for the
coarse grid, errors were below 3%. The only exception was for OH mass fraction where it reached
5%. This means even the coarse grid can be used within acceptable error and it was chosen for the
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simulations in this paper.
6.2.2 Inlet conditions
The inlet conditions for the simulations were chosen to reflect conditions used in the T4 Reflected
Shock Tunnel at the University of Queensland [31], as given in Table 6.2. These conditions are
equivalent to Mach 10 flight with a dynamic pressure of approximately 48 kPa so as to approximate
real testing conditions. The mean conditions at the throat for the unfuelled case are also given in
Table 6.2.
Table 6.2: Mach 10 conditions used in the simulations and unfuelled results at the throat.
Free-stream [31] Throat
Pressure [Pa] 638 20794
Temperature [K] 213 841
Density [kg/m3] 0.0103 0.0862
Velocity [m/s] 3044 2611
Mach number 10.4 4.93
Table 6.3: Injection conditions used in the simulations.
Density Mass flow Momentum ratio
[kg/m3] [kg/s]
φ = 0.13 0.375 1.42×10−3 1.004
φ = 0.17 0.501 1.89×10−3 1.339
φ = 0.22 0.626 2.36×10−3 1.674
φ = 0.13 + 40% He 0.626 2.36×10−3 1.674
For the flow conditions at the throat, the hydrogen ignition delay time is of the order of approxi-
mately 1 ms [42]. For the same conditions, the flow residence time is approximately 0.19 ms, around
5 times lower than the ignition delay. This means that the mean conditions at the throat were not
sufficient for achieving auto-ignition of hydrogen in the length of the combustor. Even if considering
the mean conditions at the combustor exit, the hydrogen ignition delay time is just under 0.1 ms.
This would require at least half the combustor length for hydrogen to auto-ignite at these conditions.
Considering the mean conditions only, auto-ignition of hydrogen should not be possible in this engine.
To evaluate the effects of thermal and fluidic compression, hydrogen fuel was injected with varying
mass flow rate without changing the air inlet flow conditions. Three equivalence ratios were used:
φ = 0.13, 0.17, and 0.22, with conditions shown in Tab. 6.3. All conditions had a plenum (stagnation)
temperature of 300 K and choked flow velocity in the injector of 1203 m/s. While these equivalence
ratios are low for a full engine, they approximated the mass flow rate that would be provided by a
single injector in a complete engine. Simulations were also performed by injecting helium along with
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hydrogen to simulate a higher mass flow rate of injected gas while maintaining a fuel equivalence ratio
of φ = 0.13. The aim of this was to separate the effects of mass flow and equivalence ratio (potential
heat release). This will be detailed in the next section.
6.3 Results and discussion
To investigate the effects of fluidic compression, CFD simulations were run for several fuel mass
flow rates, so that the level of combustion could be compared. Figure 6.2 shows the mass fraction of
water for the equivalence ratios φ = 0.22, 0.17, and 0.13. The centre planes show simulated schlieren
images, revealing the flow structures through the engine. The air inlet conditions were exactly the
same, the difference between the cases was the fuel flow rate, resulting in different equivalence ratios.
It can be seen how the higher equivalence ratios caused a greater distortion in the intake shocks, due to
higher mass flow rate of fuel. This changed the shock train structures inside the combustor, particularly
displacing them closer to the throat for the higher equivalence ratio. This can be seen in more detail in
Fig. 6.3.
Figure 6.2: Mass fraction of water for the scramjet engine with φ = 0.22, 0.17, and 0.13. Surface in
red is for φ = 1.
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Figure 6.3: Closer view of the injector and throat region with CFD schlieren and water mass fractions
for φ = 0.22, 0.17, and 0.13.
The red surface in Fig. 6.2 for φ = 0.22 case is the iso-surface where the local equivalence ratio
was unity. A more detailed explanation of this iso-surface is given in Section 6.3.5, but for now this
is given to illustrate the position of the fuel plume along the engine. The fuel plume penetration was
approximately half the combustor height (y direction), and stayed attached to the combustor wall
throughout. Behaviour was similar for the other two cases, except for less fuel penetration.
The higher mass fraction of produced H2O clearly showed more robust combustion for φ = 0.22,
with product formation commencing further upstream as φ was increased. Of particular interest was
the production of water caused by the bow shock of the injector. For φ = 0.22, the momentum ratio
between injected fuel and free-stream was at its greatest value. This increased penetration of fuel and
caused a stronger injector bow shock, which allowed reactions to initiate and water to form immediately
behind the bow shock. This was not the case for φ = 0.17 and 0.13, as the reduced fuel mass flow
rates resulted in a lower jet to free-stream momentum ratio and weaker bow shocks.
Several effects might be contributing to the observed combustion levels, other than thermofluidic
compression. As will be discussed later in Section 6.3.1, this was due to the increased mass flow rate
and not only the extra mass of fuel. This will be demonstrated by a case in which helium was injected
along with fuel. But before exploring this in detail, a closer look at the flow structures around the
injector and throat is given in Fig. 6.3 for all three equivalence ratios. Mass fraction of H2O is only
shown on the axial cross-sections. It can be seen that the higher equivalence ratios, due to increased
112
6.3. RESULTS AND DISCUSSION
injected mass of fuel, helped displace the inlet shocks, moving their convergence point vertically away
from the injector side of the engine. This in turn moved the first shock reflection inside the combustor
slightly upstream. The effect of increased mass flow rate of fuel can also be seen on the injector
bow shock. The bow shock for φ = 0.13 was closer to the wall, indicating less fuel penetration. The
opposite was true for φ = 0.22, with a stronger bow shock due to increased fuel penetration.
In Fig. 6.4 the mass fraction of OH radicals is shown for all three cases. The behaviour was similar
to that of water mass fraction, with higher levels of radicals present for φ = 0.22 in comparison with
the other two cases. Considerably more OH radicals were produced in the injector bow shock with the
higher equivalence ratio, as was the case for water. However, this OH was then transported downstream.
Further significant OH production was delayed until the regions where H2O was produced in the
combustor. This indicates there was little significant combustion occurring upstream of those regions.
The OH formation in the bow shock at the higher equivalence ratios contributed in part to the stronger
combustion downstream as it provided radicals for the reactions in the combustor [18, 76].
Figure 6.4: Mass fraction of OH radicals for the scramjet engine with φ = 0.22, 0.17, and 0.13.
Figure 6.5 shows the percentage difference between the two limit cases (φ = 0.22 and 0.13) for
area-averaged pressure and mass-flow-rate weighted average temperature at several slices along the
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engine, starting at the combustor entrance (throat) at x = 0. Simulations with combustion reactions
switched on and off were conducted to highlight the impact of reactions on the flow. For the cases with
reactions off, the φ = 0.22 case showed higher pressure everywhere. It was around 5% higher at the
throat. Downstream, the difference in pressure reduced to about 3% higher for φ = 0.22. Temperature
for φ = 0.22 was higher at the throat as well. However there was no significant temperature difference
in the combustor between φ = 0.22 and φ = 0.13. These no-reaction simulations showed the effect of
the added mass flow, which already resulted in a small increase in compression ratio.
For cases with reactions active, pressure was also 5% higher at the throat for φ = 0.22, but
then continued to increase as the combustion process got stronger. Final pressures were 8% higher.
Temperature had a more modest behaviour, started at 3% higher at the throat, as in the reactions-off
case, but then increased slightly to around 4% higher. These results indicated that the change in
injected fuel mass flow rate only had a moderate impact on the mean properties at the throat. However,
combustion levels were noticeably increased, as evident by the higher pressure increase for φ = 0.22
in comparison with φ = 0.13 with reactions on. Therefore, another mechanism must be driving this
increase in combustion that cannot be ascertained from the mean conditions at the throat alone.
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Figure 6.5: Percentage difference between φ = 0.22 and 0.13 of area-averaged pressure and mass-flow-
rate weighted average temperature with reactions on and off. Throat is x = 0.
Figure 6.6 shows the mass fractions of OH and H2O for the same two cases. The dashed grey line
is the injector location for this and all subsequent plots. While some OH was produced upstream of
the throat for φ = 0.22, none was present in the same region for φ = 0.13. This indicated that the
stronger bow shock starts reactions by producing radicals around the injector. Past the throat, OH for
both cases increased at a similar rate, with φ = 0.13 trailing behind with the total OH produced. For
water, the behaviour was similar with φ = 0.13 producing no water upstream of the throat, while some
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Figure 6.6: Mass-flow-rate weighted average mass fraction of OH and H2O for φ = 0.22 and 0.13.
Throat is x = 0. Dashed grey line is the injector location.
was present in φ = 0.22. However, downstream from the throat, the rate of production of water was
notably greater for φ = 0.22 than it was for φ = 0.13. Thus, a high equivalence ratio promoted more
rapid OH production and exhibited more vigorous combustion.
6.3.1 Effect of mass flow rate
Data from the numerical simulations with different mass flow rates of fuel have shown that higher
equivalence ratios promoted more rapid generation of OH radicals between the injector and throat, due
to the stronger injector bow shock, followed by more vigorous and robust combustion downstream
of the throat. The data so far does not elucidate if this combustion was caused by the presence of
additional radicals at this point, as a consequence of more fuel being available at higher equivalence
ratios, or the increased pressure and temperature that were generated as a consequence of the additional
fluid being injected. It is important to evaluate the effect of the injection of extra fluid separate from
the reactions. This can be accomplished by injecting an inert gas along with the fuel.
To evaluate the effect of increased injected mass flow rate, a case with φ = 0.13 was simulated
with extra helium being injected with the fuel. Helium was chosen due to its similar molecular weight
to hydrogen, and its previous use in experimental campaigns in impulse facilities at The University of
Queensland as a replacement for fuel [122]. The total mass flow rate for fuel plus helium, and thus
momentum ratio, was the same as that for fuel in the φ = 0.22 case. In this case, helium comprised
40% of the total injected mass. Figure 6.7 shows the contours of mass fraction of OH and H2O for
the mixed hydrogen and helium injection. This condition is addressed from here on in the text as the
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helium case, or denoted as φ = 0.13 + 40% He in figures and plots.
Figure 6.7: Contours of mass fraction of OH radicals and H2O for φ = 0.13 + 40% He. H2O contours
for φ = 0.17 included for reference.
From the contours, it is evident that the combustion levels were similar to those achieved with
φ = 0.17, and certainly higher than for φ = 0.13, which contained the same mass of fuel being injected.
This indicates that the extra compression obtained by injecting additional fluid, helium in the current
case, improved combustion slightly.
Figure 6.8 shows the mass-flow-rate weighted average OH mass fractions, comparing all previous
cases. It shows that OH levels with helium were similar to φ = 0.22 upstream of the throat, while
no OH was present for φ = 0.17 and 0.13. This indicates that the injected helium helped create a
stronger injector bow shock. This produced the same levels of OH radicals as in φ = 0.22, even with
less available fuel. The rate of OH production reduced inside the combustor but still maintained levels
above and around φ = 0.17 until halfway through the combustor. This indicates that the added fluid,
helium, has helped improve the production rate of OH radicals especially between injector and throat
and in the first stages of the combustor (x < 300 mm).
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6.3.2 Mixing efficiency
Higher mass flow rate of fuel leads to higher combustion levels, but its effect on mixing efficiency has
not yet been discussed. If the cases with higher mass flow rate had higher mixing efficiency, it could be
argued that this mechanism led to increased combustion, and not thermofluidic compression. Mixing
efficiency is calculated and defined as [68]:
ηm =
∮ ∫
YH2ρudydz
/∮ ∫
Y rH2ρudydz, (6.1)
where
Y rH2 =

YH2 YH2 ≤ Y stoicH2(
1−YH2
1−Y stoicH2
)
Y stoicH2 YH2 > Y
stoic
H2
, (6.2)
and Y stoicH2 is the stoichiometric mass fraction for a hydrogen-air mixture.
Figure 6.9 shows the mixing efficiency at several cross-sections along the engine for all cases. The
highest mixing efficiency was for φ = 0.13 and lowest for φ = 0.22. This was likely due to a larger
proportion of the fuel remaining in the boundary-layer for low φ , where turbulent diffusion is high.
The case with helium had the same mixing efficiency as φ = 0.22 until the start of the combustor,
where it then increased at a faster rate. The final values were slightly above the mixing efficiency for
φ = 0.17. This agrees with what is seen in Fig. 6.7, which indicates combustion levels were similar
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for the helium case and φ = 0.17. However, the mixing efficiency for the helium case remained about
10% below that for φ = 0.13, which indicates that the increased combustion was not due to a higher
mixing efficiency.
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Figure 6.9: Mixing efficiency at several cross-sections along the engine for all equivalence ratios and
φ = 0.13 + 40% He. Dashed grey line indicates injector location.
6.3.3 Combustion efficiency and heat release
With the confirmation that total mass flow of fluid, and not only of fuel, was a driver of increased
combustion, it is interesting to compare the combustion efficiency of all the cases to see how the helium
case stands against the pure fuel cases. Combustion efficiency for hydrogen fuels can be defined as
how much of the available hydrogen mass has been converted into water [78]. Figure 6.10 shows
combustion efficiency for all equivalence ratios, as defined above and given by the equation:
ηc =
0.1119m˙H2O
m˙H2,injected
. (6.3)
In the first half of the combustor, higher equivalence ratio corresponded to higher combustion
efficiency, with φ = 0.22 being the highest and φ = 0.13 the lowest. This changed in the second half
of the combustor, where φ = 0.13 had a faster increase in combustion efficiency and ended with higher
combustion efficiency, while φ = 0.22 had the lowest. The intermediary case, φ = 0.17, sat in-between
the extremes throughout the entire combustor. The helium case had higher combustion efficiency than
φ = 0.17 for the first 70% of the combustor. In fact, its combustion efficiency was higher or on par
with φ = 0.22 at the initial stages of the combustor. Upstream of the throat, the helium case was the
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Figure 6.10: Combustion efficiency at several cross-sections along the engine for all equivalence ratios
and φ = 0.13 + 40% He. Dashed grey line indicates injector location.
only case other than φ = 0.22 that showed some fuel burn, with very similar values of combustion
efficiency. The combustion efficiency of the helium case was on par with φ = 0.17 up to the end of
the combustor even as φ = 0.22 falls below it. This indicates that, while the increased mass flow rate
of injected fluid may not have increased the overall combustion efficiency, as seen at the end of the
combustor, it did contribute to the combustion process at the earlier stages of the combustor. There was
higher efficiency from the stronger bow shock and higher efficiency at the first stages of the combustor.
This explains the increased combustion levels seen for the higher equivalence ratios as combustion
got an extra push at the early stages due to the increased mass flow rate and the early OH and H2O
generated from the stronger bow shock. The helium case, at the end of the combustor, burned close
to 65% of its fuel, slightly under the φ = 0.13 case, which indicates that there was not much extra
combustion towards the end of the process.
Figure 6.11 shows the enthalpy of formation of the mixture for all equivalence ratios at several
cross-sections along the engine. Values are negative since heat release is an exothermic process. This
is the enthalpy of formation of the entire mixture, not only of the H2O produced by the combustion.
Heat release was higher for φ = 0.22 and lower for φ = 0.13, with φ = 0.17 in-between, as expected.
As with combustion efficiency, φ = 0.22 and the helium case were the only ones to show noticeable
heat release upstream of the throat. The helium case maintained higher heat release than φ = 0.17 in
the first stages of the combustor (up to x = 200 mm). The helium case also had higher heat release than
φ = 0.13 up to the very end of the combustor, where it fell slightly below. This overall behaviour was
very similar to that seen in Fig. 6.10 for combustion efficiency, where the addition of helium seemed to
improve combustion just downstream from the injector and in the first half of the combustor.
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Figure 6.11: Enthalpy of formation at several cross-sections along the engine for all equivalence ratios
and φ = 0.13 + 40% He. Dashed grey line indicates injector location.
6.3.4 Injector bow shock
The previous results have consistently indicated that the injector bow shock plays an important role in
the combustion process. With the stronger bow shock caused by the higher injected mass flow rate,
reactions initiate further upstream, seeding the combustor with OH radicals that enhance combustion.
In this section, the strength of the bow shock is quantified and analysed.
Figure 6.12 shows pressure contours on the symmetry plane (centre plane through injector) around
the injector. The contours indicate the regions where p > 50 kPa, i.e. adequate for hydrogen auto-
ignition at temperatures around 1000 K [113]. These regions were the high pressure of the injected
fuel inside the injector itself and the strongest region of the injector bow shock. It can be seen how the
increase in equivalence ratio led to a stronger bow shock, with a steeper profile. The overall shape of
the bow shock for the helium case was similar to that of φ = 0.17, being slightly steeper away from
the injector. Inside this region, pressure levels ranged from approximately 80 to 120 kPa, depending
on the case, as can be seen in Fig. 6.13. Here, properties were taken along a line on the symmetry
plane, about 5 mm away from the ramp wall, going through the bow shock for each case. This line was
taken at 5 mm to guarantee it did not go through the separation region close to the wall upstream of the
injector. While the bow shock is a complex structure, taking these properties through the centre plane
close to the injector for all cases is representative of how strong the shock was in each case, and how it
processed the flow passing through it.
Temperature showed a different behaviour for the helium case, with the peak temperature being
higher, with a slight plateau in maximum temperature that then reduced more sharply than in the
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Figure 6.12: Pressure contours above 50 kPa around the injector bow shock for all equivalence ratios
and φ = 0.13 + 40% He.
other cases. This was probably due to the presence of helium, which has a different specific heat
ratio. The specific heat ratio remained lower for longer in the helium case, coinciding with the higher
temperatures, and then increased sharply again downstream of the injector, where more helium would
be present in the mixture. Finally, Mach number presented similar behaviour to pressure for all cases,
with the post-shock Mach number being lower for the higher equivalence ratios. In comparison, the
free-stream conditions on the ramp for an unfuelled case, alongside of the injector location, had static
conditions of p = 7 kPa and T = 700 K. For these conditions the ignition delay is 10 ms, an order
of magnitude greater than the throat conditions. This highlights the importance of the localised high
pressure and temperature conditions behind the bow shock to initialise combustion reactions, as the
conditions without the shock would be far from ideal for combustion of hydrogen.
These results confirmed that the increase in injected mass flow rate affects the bow shock, making it
stronger and moving it further upstream of the injector location. The presence of helium, even though
changing the flow in different ways, such as increasing the separation region, contributed to the same
effects.
6.3.5 Conditions around the fuel plume
Due to the small differences in the mean pressure between the cases, seen in Fig. 6.5, a more localised
look at pressure and temperature around the fuel plume was necessary to evaluate the combustion
conditions created by thermofluidic compression. Figure 6.14 shows the iso-surface of φ = 1 around
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Figure 6.13: a) Pressure, b) temperature, c) Mach number, and d) specific heat ratio along a line
through the bow shock 5 mm away from the wall for all equivalence ratios and φ = 0.13 + 40% He.
Dashed grey lines indicate injector location.
the injector. The iso-surface is seen from the inlet of the engine, looking downstream, as indicated
in the schematic in the figures. The iso-surface was defined by calculating the region where φ = 1
and plotting pressure and temperature contours over it. Unity equivalence ratio means that fuel and
oxidiser are at stoichiometric proportions, signifying the region where reactions occur and thus the
flame front. This happens at the edge of the fuel plume where mixing occurs and allows observation
of the local conditions around the fuel plume. The iso-surface for the helium case and φ = 0.13
case were compared using φ = 0.22 as a reference. Looking at pressure and temperature contours
on these surfaces provided insight into the mechanisms that drive combustion. The first difference
was fuel penetration, measured at the throat, and the width of the iso-surface. The addition of helium
allowed the penetration of fuel to be the same as in φ = 0.22, but the surface is thinner, i.e. it has
less cross-stream spread. For φ = 0.13, the surface was considerably thinner and fuel penetrated less
deeply into the flow.
Close to the injection point, where the bow shock was strongest, pressure was higher for φ = 0.22
than for the helium case (please refer to Section 6.3.4). Differences were even greater compared against
φ = 0.13. Pressure distribution was similar downstream along the iso-surface for φ = 0.22 and the
helium case. Temperature contours showed a more significant difference. The hot region around the
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Figure 6.14: Contours of pressure and temperature over the φ = 1 iso-surface for φ = 0.13+ 40% He,
φ = 0.13, and φ = 0.22 at the injector.
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injection point, with temperatures around and above 2000 K, was considerably larger for φ = 0.22
and remained above 1000 K for a considerably longer region of the iso-surface. This was true both
compared against φ = 0.13 and the helium case. However, the temperature remained higher in the
helium case than in φ = 0.13 for longer downstream. This can be explained by the increased reaction
rate in the helium case due to the stronger bow shock. These results reinforced the role of the injector
bow shock in strengthening combustion downstream. The high pressure and temperature conditions
in the bow shock initiated radical formation and combustion reactions. This generated OH locally
between the injector and the throat, which was transported downstream, as seen in Fig. 6.8. Once in
the combustor, these radicals contributed to higher combustion levels overall.
Figure 6.15 shows the iso-surface of φ = 1 inside the combustor. The iso-surface is viewed from the
wall opposite the injector, as indicated in the schematic in the figure. It includes the iso-surface shown
in Fig. 6.14 and continues downstream into the combustor, with the iso-surface calculated in the same
way. Pressure and temperature distributions in the helium case closely resembled those in the φ = 0.22
case. This shows how the presence of the extra fluid mass from the helium contributed to changing the
conditions around the fuel plume in the combustor. However, both pressure and temperature increased
earlier upstream around the plume for φ = 0.22. Pressure increased around the entire plume, as can
be observed from the more uniform distribution in the contours, especially in the second half of the
combustor. Temperature increased at the sides of the plume, creeping further into the centre of the fuel
plume downstream. This increase in temperature coincided with the regions of off-centre plane OH
production observed in Figs. 6.4 and 6.7. The region where temperature increased more rapidly for
φ = 0.22 corresponds to where pressure also increased. Temperature increase led to pressure increase,
which reinforced the conditions for combustion, resulting in a feedback loop of thermal compression.
The results again indicate that more combustion was obtained by having a higher mass flow rate of
injected fuel. The helium case had the same mass flow rate of injected fluid as the φ = 0.22 case, but
the same mass of fuel as in φ = 0.13. However, it burned fuel further upstream and more vigorously
than the case with φ = 0.13. Mean conditions in the combustor did not change significantly with
higher equivalence ratios (i.e. higher mass flow rate), as seen in Fig. 6.5. But the local conditions
around the fuel plume did. Higher injected fluid mass flow rates led to higher pressure and temperature
around the fuel plume, which led to increased combustion levels. This was due to the thermofluidic
compression effect, which helps achieve robust combustion conditions in an engine designed to
operate on the borderline conditions for achieving combustion, in the absence of such effects. The
stronger bow shock produced OH radicals, that piloted combustion downstream, and even water. Once
combustion started, the heat release and consequent pressure increase led to thermal compression,
which stimulated the conditions for combustion even further. These effects acted together to allow a
low compression engine to achieve robust combustion. Controlling thermofluidic compression can
be useful for scramjets in two ways. First, the engine can be designed to achieve lower compression
ratios than necessary for auto-ignition when unfuelled, taking the fuel injection into account to supply
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Figure 6.15: Contours of pressure and temperature over the φ = 1 iso-surface for φ = 0.13+ 40% He,
φ = 0.13, and φ = 0.22 inside the combustor.
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needed extra compression. Second, for accelerating scramjets, the compression obtained reduces as it
reaches higher Mach numbers [112]. Thermofluidic compression can be used in those conditions to
supply extra compression. This would avoid excessive compression at lower Mach numbers, reducing
stresses and engine weight.
6.4 Conclusion
A thorough RANS CFD analysis was performed for a complete 3D scramjet engine with a 2D cross-
section. The engine had a single injector, with the objective of analysing the effect of thermal and
fluidic compression to enhance conditions for combustion in a low compression scramjet. Different
levels of hydrogen fuel were supplied to the engine by varying the equivalence ratio. Mean combustor
conditions in the unfuelled flow path were not sufficient to auto-ignite hydrogen in the length of the
combustor. It was shown that due to the addition of fluid, in this case fuel at increasing equivalence
ratios of φ = 0.13, 0.17, and 0.22, the combustion levels increased considerably and non-linearly, more
than would be expected only due to the increase in available fuel mass flow rate. A comparison of
the mass-flow-rate weighted average pressure and temperature indicated the overall increase in mean
conditions at the throat was not significant between the two extremes of equivalence ratio, with 5%
higher pressure and 3% higher temperature for the higher equivalence ratio. However, the difference
in OH radicals and H2O was considerable, with large amounts being produced in the bow shock and
being carried into the combustor for φ = 0.22, with no production upstream of the throat for φ = 0.13.
The intensity of the bow shock varied with the momentum ratio of the injected fuel and the higher
equivalence ratio, having higher momentum ratio, produced a stronger bow shock capable of creating
the conditions for the initiation of reactions along the fuel plume. This altered the combustion levels
inside the combustor.
To verify the effect of increased mass flow rate separate from the fuel, helium was injected with
fuel. The injected fuel mass flow rate was the same as for the lowest equivalence ratio of φ = 0.13. The
total mass of fuel plus helium was the same as the fuel mass flow rate in the highest equivalence ratio
of φ = 0.22. Results indicated an acceleration of combustion in comparison with the pure hydrogen
case. Combustion efficiency was higher in the inlet and for the first half of the combustor. In this
region, the simulation with helium presented considerably higher combustion efficiency in comparison
with φ = 0.13 and around the same levels as the φ = 0.22 case (≈ 5% at the throat). The same was true
for OH and H2O levels, which were higher for the helium case than for φ = 0.13. Temperature and
pressure contours plotted over surfaces where φ = 1 indicated that the pressure distribution was very
similar between the condition with helium and φ = 0.22, and magnitudes fell between the φ = 0.13
and φ = 0.22 cases. The most variation was seen in temperature, both around the injector and on the
sides of the fuel plume. These results indicated that fluidic compression acts more strongly around
the injector and at the beginning of the combustor, increasing pressure around the fuel plume and
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providing the conditions for initiation of reactions around the bow shock. It also indicated that the
pressure rise caused by this initial combustion further compresses the flow, helping to achieve stronger
combustion, resulting in a feedback loop that enhances combustion.
The effects of thermofluidic compression have been observed and can be summarised in two main
mechanisms: increased radical formation at the bow shock and increased compression due to addition
of fuel mass flow. First, the increase in mass flow rate of injected fuel causes a stronger bow shock.
In this higher pressure and temperature region maintained around the φ = 1 iso-surface, combustion
reactions are initiated. The reactions produce OH radicals between the injector and the combustor
entrance. Second, the increased mass flow increases compression of the flow going into the combustor,
helping create conditions suitable for combustion. These contribute to higher combustion levels inside
the combustor, especially in its earlier stages. This increased combustion leads to thermal compression,
where pressure and temperature both increase inside the combustor. This whole process accelerates
combustion, further increasing temperature and pressure, resulting in a feedback loop which culminates
in even stronger combustion.
In the future, high-fidelity LES simulations can be used to investigate localised features of the flow
around the bow shock and the formation of OH around the fuel plume. Experimental investigation
can also be used to validate these results and confirm the viability of thermofluidic compression in an
experimental environment.
6.5 Addendum
While investigation of the thermofluidic compression effect described above was not the objective of
the experimental campaign performed in T4 (see Chapter 4), some of the results obtained are relevant
to the mechanisms discussed in this chapter. These results are discussed in more detail here in the
context of thermofluidic compression.
Using the injector only engine configuration (see Section 3.1.1), OH-PLIF images were obtained
of flow in the injector region for two different equivalence ratios: the nominal φ = 0.13 matching the
bulk of the experimental campaign, and an extra condition with a slightly higher φ = 0.15. These
results are shown in Fig. 6.16. The higher PLIF signal intensity indicates there is more OH present in
the shot with higher equivalence ratio, which in turn indicates reactions are more intense. In fact, the
signal for the lower equivalence ratio is considerably weaker and there is little indication of reactions.
Here the same behaviour as discussed in Section 6.3 is observed, where a negligible amount of OH is
being produced in the bow shock for φ = 0.13, but some is observable for φ = 0.17. From the PLIF
results alone it is impossible to determine if full combustion happens near the injector, as can be seen
in the simulations. However, these results indicate reactions do start near the injector in an inlet-fuelled
scramjet. As discussed in Section 6.3.4, the reactions in the injector bow shock have been shown to be
important in the thermofluidic compression effect. The OH-PLIF results in Fig. 6.16 provide some
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experimental support for this.
(a)
(b)
Figure 6.16: OH-PLIF images with (a) φ = 0.13 (shot 12104) and (b) φ = 0.15 (shot 12111). Dashed
lines indicate the compression ramp.
Schlieren imaging was also obtained for both conditions, shown in Fig. 6.17. These include an
overlay of the PLIF images shown in Fig. 6.16. Fuel penetration is higher for φ = 0.15, as expected,
due to the higher mass flow rate and momentum ratio. This causes a stronger bow shock, as discussed
in Section 6.3.1, which could generate the conditions suitable for the observed increase in chemical
activity.
These results provide experimental evidence of reactions starting near the injector, which provide
support for one mechanism of the thermofluidic compression effect, namely the effect of the injector
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(a) (b)
Figure 6.17: Schlieren images for (a) φ = 0.12 (shot 12109) with overlay of PLIF image from shot
12104, and (b) φ = 0.15 (shot 12110) with overlay of PLIF image from shot 12111.
bow shock on increased chemical activity. However, more experimental results are needed to fully
investigate the effect. Flow unsteadiness and the fact PLIF is essentially an instantaneous shot of the
flow mean images obtained on shots with the same condition can sometimes present different flow
structures and PLIF intensity. For example, shots 12100 to 12104 all show low signal intensity as in
Fig 6.16a. The exception is shot 12103, which presents increased chemical activity. This is most likely
due to what seems to be combustion inside the boundary-layer, as indicated by the arrow in Fig. 6.18.
It is difficult to determine, from the PLIF images alone, if that is indeed the case. However, the "gap"
in OH signal just upstream of the region with higher signal intensity, and the fact this region seems to
begin close to the walls, might indicate fuel gets entrained in the boundary-layer, causing the locally
increased chemical activity. This behaviour seems to be an isolated case, but it also means that more
experimental data are needed for the high equivalence ratio case to verify the behaviour seen in shot
12111 shown in Fig. 6.16b. Nonetheless, the chemical activity seen with the higher equivalence ratio is
still considerably higher, even compared with the increased intensity in shot 12103, demonstrating the
benefit of thermofluidic compression.
6.6 Summary
Published work on the thermofluidic compression effect [83] was presented in this chapter, where an
inlet-fuelled scramjet engine was analysed using CFD. The effect causes an increase in combustion
levels with increased fuel equivalence ratios, which cannot be accounted for merely by the extra fuel
being injected. Through CFD simulations using the Reynolds-Averaged Navier-Stokes equations,
the mechanisms behind the effect have been determined. By comparing three different increasing
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Figure 6.18: PLIF image obtained in shot 12103. Dashed line indicates the compression ramp.
equivalence ratios φ = 0.13, 0.17 and 0.22, it has been shown combustion increases with equivalence
ratio. Another case was analysed, in which helium was added to the injected fuel so that the overall
injected mass was the same as the highest equivalence ratio of 0.22 but maintaining the fuel mass
flow rate the same as in φ = 0.13. This has shown that the increase in injected mass, and not only
the increase in available fuel, enhances combustion, increasing overall combustion efficiency. It has
been shown that, while the overall pressure and temperature in the combustor do increase slightly, the
local conditions around the fuel plume play a more significant role in this combustion enhancement.
The conditions around the injector bow shock are particularly important, as higher mass flow rates
create stronger shocks that initiate reactions, seeding radicals into the combustor. This promotes more
vigorous combustion in the early stages of the combustor, which in turn cause thermal compression
that increases combustion even further. Finally, additional results were presented, obtained in the
experimental campaign in the T4 Reflected Shock Tunnel. While investigation of the effect was not
the goal of the campaign, these results provide some evidence that there are reactions happening just
downstream of the injector and that these are stronger at higher equivalence ratios, consistent with the
numerical studies.
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The overall aim of this thesis was to
characterise the supersonic turbulent combustion process in an inlet-fuelled scramjet
engine in Mach-10 enthalpy flow conditions.
An experimental campaign was performed in the T4 Reflected Shock Tunnel, complemented with
RANS and LES numerical analysis, to investigate the supersonic combustion process in scramjet
engines. The experiments were performed with a scramjet engine designed to have a simplified
internal flow-path easy to simulate, while still being representative of a complete scramjet engine with
intake-generated shock waves and the non-uniformities thus formed. Compared to direct-connect
experiments in which a uniform flow-field is supplied to the combustor, the flow produced by this
engine is more representative of actual scramjet operation. Laser diagnostics in the form of planar
laser-induced fluorescence of OH radicals were used to visualise the flame at different locations of
the engine for a Mach-10 enthalpy flow. Images were obtained for the injector region on the intake
ramp, and the front and rear of the combustor. Large-eddy simulations were performed using the
experimental inflow conditions to provide further detail of the flow dynamics and the combustion
process. Additional simulations were performed in the same geometry using a Mach-10 inflow to
investigate the impact of oxygen enrichment on supersonic combustion. Oxygen enrichment is the
technique in which oxygen is injected premixed with fuel. Furthermore, a similar geometry was
used to investigate the thermofluidic compression effect, by which an increase in the injected mass
contributes to enhanced combustion in the engine. This was investigated numerically by comparing
several equivalence ratios and injecting helium mixed with fuel to determine the impact of the extra
mass in the overall flow-field.
This work led to the following main conclusions:
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Supersonic combustion in scramjets involves multiple regimes and modes: The experimental re-
sults, obtained in the form of OH-PLIF visualisation of the combustion process, have indicated that OH
is distributed in zones encompassing the height of the fuel plume. Reactions start near the injector, with
low intensity indicating limited chemical activity upstream of the throat. Chemical activity is increased
significantly inside the combustor once the flow has been fully processed by the intake shocks. The
flame boundary in these regions is convoluted and large turbulent structures can be seen. As the flow
moves downstream, the region with OH increases in height, until it occupies most of the combustor
height. Heat release seems evenly distributed in this zone. As it moves downstream, the flame becomes
less turbulent, its boundary smoother. As the heat release increases the velocity of reactions, the
flame becomes less sensitive to the surrounding flow turbulence. Numerical analysis, performed on
similar conditions as the experiment, have obtained favourable agreement with experimental data.
These numerical results indicate there is a large distribution of combustion regimes in the engine,
particularly in the boundary between flamelets and thin reaction zones, over a large range of turbulent
Damköhler and Reynolds numbers. There is also no clear dominance of premixed or non-premixed
combustion modes, with both being present throughout the engine and contributing to heat release.
The quasi-laminar model for turbulence/chemistry interactions, paired with Large-Eddy Simulations,
is demonstrated to be adequate at capturing the experimental flow.
Oxygen enrichment increases contribution of heat release by premixed combustion, but has
little impact on the distribution of combustion regimes: The LES simulations performed for oxygen
enrichment indicate that the component of heat released provided by premixed combustion is increased
when oxygen-enriched fuel is injected. This is not surprising, as fuel is premixed with oxygen and it
was expected that premixed combustion would become more prominent. An enrichment percentage of
12.5% was used, which means enough premixed oxygen was added to burn 12.5% of the available
fuel mass. However, with the enrichment percentage investigated, non-premixed combustion still
contributes to a considerable portion of heat release. The combustion process quickly becomes
mixing-limited in the enriched case, at around 150 mm into the combustor, as the premixed fuel
is consumed and the mixing of non-premixed fuel is required to sustain combustion. Furthermore,
oxygen enrichment caused little impact on the distribution of combustion regimes. However, more
regions of the flow contribute to the heat release rate, as indicated by the larger number of cells in
the grid where there is heat release. The cells that contribute the most to the heat release rate are also
distributed over a slightly larger range of regimes, but the overall distribution when comparing all
heat-releasing cells remains mostly unchanged. One discernible difference is that the oxygen-enriched
case has a slight shift upwards in the regime diagram, which indicates a higher Damköhler number.
This indicates the chemical time scales are shorter and reactions faster. This is a consequence of the
higher level of premixed combustion in the oxygen-enriched case, which leads to more intense and
faster combustion overall.
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The distribution of regimes seems insensitive to changes in fuelling condition: The similarity in
the distribution of combustion regimes between the oxygen enriched and the comparison base case
indicate that the regimes are somewhat insensitive to the fuelling conditions used. A fuel equivalence
ratio of 0.25 was used and two cases were tested: one without oxygen and one with an enrichment
percentage of 12.5%. While the addition of premixed oxygen increased the proportion of premixed
combustion in the flow, it did not alter the distribution of regimes in any substantial way. It seems the
overall flow conditions are the main driver behind the regime distribution and the fuel conditions, at
least by the amount they were changed, have little impact on the regime distribution.
Thermofluidic compression can be used to enhance combustion in inlet-fuelled low-compression
scramjet engines: The thermofluidic compression effect happens when, by increasing the amount of
fuel injected, there is a disproportionate increase in combustion levels. This happens because the extra
mass, regardless if it is fuel or some other gas, changes the flow-field in significant ways, contributing
to combustion. This was demonstrated by numerically analysing several equivalence ratios, φ = 0.13,
0.17 and 0.22. A case was also analysed in which an equivalence ratio of 0.13 was used, but helium
was added to the hydrogen so that the total injected mass was the same as in the φ = 0.22 case. This
was meant to reproduce the injection behaviour of the highest-fuelling case, while providing less fuel.
The analysis has shown that the thermofluidic compression effect works mainly by two mechanisms.
First, the extra injected mass increases fuel penetration, leading to an increase in the strength of the
injector bow shock. This promotes chemical activity in the bow shock that seeds the combustor with
radicals. Second, these radicals enhance combustion and heat release inside the combustor, which in
turn causes thermal compression that enhances combustion further in a feedback loop. It has been
confirmed, numerically, that this effect produces an increased combustion level and can be used to
achieve ignition and combustion in a low-compression engine that would otherwise struggle to ignite
the fuel.
7.1 Recommendations for future work
Here are listed recommendations for future work that can further the research done in this thesis and
provide further insight into the mechanisms of supersonic turbulent combustion.
Further optical diagnostics to investigate the engine: The numerical results of the engine have
shown there is high chemical activity in the counter-rotating vortex pair generated by the fuel injec-
tion. Further experimental results should be obtained in off-centre stream-wise slices to obtain more
experimental data. Furthermore, schlieren and chemiluminescence can be both performed at different
locations of the engine to provide further insight of the combustion process.
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Simulations with a tripped intake: A model for the boundary-layer trip needs to be made and simu-
lations run with the trips in the intake of the engine to produce results that more faithfully reproduce
the experimental conditions. With a good enough trip model, the important performance characteristics
of the engine, such as mixing and combustion efficiency, could be more accurately calculated.
Perform experiments and simulations with different engine geometries and flow parameters:
Since it has been observed that the combustion regimes in the investigated engine are somewhat
insensitive to oxygen enrichment and the change in the fuelling conditions, it begs the question what
parameters impact the supersonic combustion process and change the observed regimes. The distribu-
tion of combustion regimes could be dependent only on the engine geometry, for example, such that the
constant-area combustor with two-dimensional intake causes a certain distribution of regimes, while a
REST engine with its elliptical combustor would generate another. Or it might be more sensitive to
flow properties such as enthalpy or Mach number.
Experimental investigation of oxygen enrichment using OH-PLIF: Use OH-PLIF diagnostics to
experimentally investigate oxygen enrichment in a high-Mach scramjet engine. This should provide
further insight into the mechanisms behind the supersonic combustion process aided by oxygen enrich-
ment and provide further experimental data for validation of the numerical tools.
Experimental investigation of the thermofluidic compression effect: Experimentally confirm and
analyse the thermofluidic compression effect in inlet-fuelled scramjets. The numerical results described
in this thesis indicated that the start of reactions in the injector bow shock are important in the increase
of combustion observed with higher equivalence ratios. While the experimental results obtained for
this thesis confirm there is chemical activity happening close to the injector, they are not enough to
evaluate the overall effect. Another set of experiments need to be performed with this goal in mind.
Investigate the combined effect of thermofluidic compression and oxygen enrichment: It has
been shown that both oxygen enrichment and the thermofluidic compression effect enhance combus-
tion in the scramjet engine. However, how they act in combination has not been analysed. The addition
of oxygen to the injected fuel means more mass is being injected, which means the thermofluidic
compression effect is present. How much of an impact it has, when chemical activity is much stronger
with premixed fuel, remains an open question.
Investigate the effect of oxygen enrichment and thermofluidic compression on engine perfor-
mance: The engine model used in this thesis was not designed for performance and thrust generation.
Further investigation is needed of more practical engine designs, such as the REST engine, to analyse
how oxygen enrichment and thermofluidic compression impact performance and thrust generation.
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Investigate and compare the suitability of oxygen enrichment in inlet-fuelled and combustor-
fuelled engines: The oxygen enrichment results have shown combustion is very strong just downstream
of the injector for an inlet-fuelled scramjet engine, even if the flow hasn’t been fully processed by the
intake shocks. This could be detrimental to scramjet operation as increased pressure in the forward-
facing ramp could severely increase drag on the engine. Further analysis is needed to investigate the
suitability of oxygen enrichment when oxygen is added to inlet injector, and how it compares to adding
oxygen only to injector in the combustor.
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APPENDIX A
SHOT DATA SUMMARY
Here is provided a detailed summary of shot data and fuelling conditions for the experimental campaign.
Table A.1 includes the shock tunnel initial fill conditions and the resulting nozzle supply conditions
and derived nozzle exit flow properties. Table A.2 provides the fuelling conditions, including the
Ludwieg tube fill pressures and resulting plenum pressure, as well as calculated fuel mass flow rate
and equivalence ratio.
All the shots were done with a mixture of argon and helium in the compression tube fill. The
percentage of argon is provided in the table.
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Table A.1: Shot summary for the experimental campaign.
Compression Tube Shock Tube Nozzle supply Nozzle exit
Shot pres pCT Argon pST TST Test gas Diaphragm uST ps Ts Hs p∞ T∞ ρ∞ u∞ M∞ Re∞ YN2 YO2 YO YNO
MPa kPa % kPa K - mm m/s MPa K MJ/kg Pa K kg/m3 m/s - 106 1/m - - - -
12087 3.8 53.6 70 129 300 Air 4 2208 30.0 3715 4.58 3018 409 0.026 2933 7.300 3.2 0.7357 0.1955 0.0015 0.0672
12088 3.8 53.6 70 129 300 Air 4 2207 30.0 3711 4.58 3007 407 0.026 2920 7.228 3.2 0.7358 0.1956 0.0015 0,0671
12089 3.8 53.6 70 129 300 Air 4 2191 30.2 3690 4.54 3020 402 0.026 2905 7.225 3.3 0.7362 0.1962 0.0015 0.0661
12090 3.8 53.6 70 129 300 Air 4 2191 30.4 3694 4.54 3038 404 0.026 2922 7.266 3.3 0.7361 0.1961 0.0015 0.0663
12091 3.8 53.6 70 129 300 Air 4 2199 29.5 3690 4.54 2961 398 0.025 2863 7.101 3.2 0.7362 0.1961 0.0015 0.0662
12092 3.8 53.6 70 129 300 Air 4 2199 30.9 3720 4.59 3102 416 0.027 2999 7.44 3.3 0.7356 0.1955 0.0015 0.0674
12093 3.8 53.6 70 129 300 Air 4 2191 29.6 3678 4.52 2963 394 0.026 2850 7.088 3.2 0.7364 0.1965 0.0015 0.0657
12094 3.8 53.6 70 129 300 Air 4 2199 30.4 3708 4.57 3046 409 0.026 2945 7.305 3.3 0.7358 0.1957 0.0015 0.0670
12095 3.8 53.6 70 129 300 Air 4 2216 30.2 3732 4.61 3038 415 0.026 2968 7.324 3.2 0.7354 0.1951 0.0016 0.0679
12096 3.8 53.6 70 129 300 Air 4 2208 30.5 3724 4.60 3063 415 0.026 2977 7.365 3.3 0.7355 0.1953 0.0015 0.0676
12097 3.8 53.6 70 129 300 Air 4 2233 31.7 3788 4.71 3185 442 0.027 3144 7.72 3.3 0.7344 0.1939 0.0017 0.0700
12098 3.8 53.6 70 129 300 Air 4 2213 30.8 3738 4.62 3094 421 0.026 3017 7.453 3.3 0.7353 0.1950 0.0016 0.0682
12099 3.8 53.6 70 129 300 Air 4 2225 30.8 3758 4.66 3102 427 0.026 3046 7.499 3.3 0.7349 0.1946 0.0016 0.0689
12100 3.8 53.6 70 129 300 Air 4 2207 29.5 3701 4.56 2960 400 0.025 2875 7.116 3.2 0.7359 0.1958 0.0015 0.0667
12101 3.8 53.6 70 129 300 Air 4 2215 29.5 3716 4.59 2969 405 0.025 2899 7.157 3.2 0.7357 0.1954 0.0016 0.0673
12103 3.8 53.6 70 129 300 Air 4 2204 30.0 3709 4.57 3015 407 0.026 2924 7.241 3.2 0.7358 0.1957 0.0015 0.0670
12102 3.8 53.6 70 129 300 Air 4 2213 29.8 3719 4.59 2999 408 0.026 2924 7.223 3.2 0.7356 0.1954 0.0016 0.0674
12104 3.8 53.6 70 129 300 Air 4 2215 30.0 3726 4.60 3016 411 0.026 2944 7.268 3.2 0.7355 0.1952 0.0016 0.0677
12105 3.8 53.6 70 129 300 Nitrogen 4 2233 30.7 4103 4.78 3099 430 0.026 3059 7.512 3.2 1.0000 - - -
12106 3.8 53.6 70 129 300 Nitrogen 4 2233 30.6 4099 4.77 3086 429 0.026 3046 7.48 3.2 1.0000 - - -
12107 3.8 53.6 70 129 300 Air 4 2242 31.2 3795 4.73 3154 442 0.026 3129 7.665 3.3 0.7343 0.1938 0.0017 0.0701
12108 3.8 53.6 70 129 300 Nitrogen 4 2242 31.2 4136 4.82 3155 442 0.026 3130 7.667 3.3 1.0000 - - -
12109 3.8 53.6 70 129 300 Air 4 2225 30.0 3743 4.63 3026 417 0.026 2972 7.315 3.2 0.7352 0.1948 0.0016 0.0683
12110 3.8 53.6 70 129 300 Air 4 2245 30.7 3786 4.71 3112 436 0.026 3087 7.562 3.2 0.7345 0.1940 0.0017 0.0698
12111 3.8 53.6 70 129 300 Air 4 2245 31.1 3793 4.72 3143 440 0.026 3119 7.639 3.3 0.7344 0.1938 0.0017 0.0701
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Table A.2: Details of fuelling conditions for
the campaign.
Shot m˙air pLT p0 m˙ f φ
- kg/s MPa kPa g/s %
12087 0.61 - - - -
12088 0.58 2.7 2766 2.92 0.17
12089 0.59 2.8 2843 3.00 0.17
12090 0.58 3.2 2936 3.14 0.18
12091 0.54 3.0 2919 3.10 0.20
12092 0.59 2.3 2164 2.31 0.13
12093 0.57 2.3 - - 0.13a
12094 0.61 2.3 2175 2.32 0.13
12095 0.60 2.3 2187 2.33 0.13
12096 0.61 2.3 2222 2.36 0.13
12097 0.63 2.3 2237 2.38 0.12
12098 0.62 2.3 2205 2.35 0.13
12099 0.65 2.3 2184 2.33 0.12
12100 0.61 2.3 2220 2.36 0.13
12101 0.61 2.3 2215 2.36 0.13
12102 0.65 2.3 2204 2.34 0.12
12103 0.65 2.3 2245 2.39 0.13
12104 0.64 2.3 2218 2.36 0.13
12105 0.70 2.3 2237 2.38 0.12
12106 0.69 2.3 2213 2.35 0.12
12107 0.68 2.3 2211 2.35 0.12
12108 0.69 - - - -
12109 0.62 2.3 2206 2.34 0.13
12110 0.65 2.9 2802 2.97 0.16
12111 0.67 2.9 2819 2.99 0.15
a Plenum pressure failed to record for shot
12093. Since Ludwieg tube pressure was
recorded and consistent with other shots,
the equivalence ratio was assumed to
have been constant.
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Table A.3: Pressure on sensor PR2 normalised by nozzle supply pressure.
Shot pPR2/ps×10−3
12087 0.91
12088 0.86
12089 0.84
12090 0.86
12092 0.84
12093 0.88
12094 0.83
12095 0.84
12096 0.77
12097 0.77
12098 0.77
12100 0.87
12102 0.88
12103 0.89
12104 0.88
12105 0.92
12106 0.85
12107 0.89
12108 0.96
12109 0.84
12110 0.82
12111 0.87
σ 0.05
Average 0.86
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UNCERTAINTY ANALYSIS
In this appendix it is presented the methodology used to calculate the experimental uncertainties for
the data obtained, followed by the calculated uncertainties for the test flow, fuelling and pressure
measurements.
B.1 Theory
The experimental uncertainties in the T4 Stalker tube are calculated as described by Mee [77]. Derived
quantities, e.g. free-stream pressure and Mach number, are functions of fundamental quantities:
F = f (ψ1,ψ2, . . . ,ψn). (B.1)
Each fundamental quantity ψi contributes the uncertainty of the derived quantity F as in:
(δF)i =
(
∂F
∂ψi
)
δψi, (B.2)
and the absolute uncertainty for the derived quantity δF is obtained by combining the uncertainties for
each fundamental quantity (δF)i, assuming normally-distributed, independent fundamental quantities:
δF =
√
(δF)21+(δF)
2
2+ . . .+(δF)
2
n. (B.3)
Relative uncertainties can be used in the calculation of the uncertainty in the derived quantities.
The relative uncertainty in each fundamental quantity is
Xψi =
δψi
ψi
, (B.4)
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and the relative uncertainty in the derived quantity is then expressed as
XF =
δF
F
. (B.5)
Using the same method as in Eq. B.3, the relative uncertainty in the derived quantity, XF can be
found:
XF =
√[
(XF)ψ1
]2
+
[
(XF)ψ2
]2
+ . . .+
[
(XF)ψn
]2
, (B.6)
where (XF)ψi is the component of relative uncertainty from the fundamental quantity, ψi, defined as
(XF)ψi =
(
∂XF
∂Xψi
)
Xψi. (B.7)
To calculate XF , the relative sensitivity of F to each fundamental quantity, ∂XF/∂Xψi , as well as
the relative uncertainty in each fundamental quantity, Xψi , must be determined. The relative sensitivity
can be determined using a perturbation method, where each fundamental quantity is perturbed to obtain
ψ+i and ψ
−
i . The unperturbed and perturbed quantities can be input to NENZFr to compute Fψi , Fψ+i ,
and Fψ−i . The relative sensitivity is calculated by:
∂XF
∂Xψi
=
Fψ+i
−Fψ−i
Fψi
ψ+i −ψ−i
ψi
(B.8)
Shock tunnel data, e.g. nozzle supply pressure or wall pressure data, is obtained by averaging
a large number of samples. Following the methodology of Doherty et al. [32], the uncertainty of a
measurement is obtained from a set of repeat experiments, i.e. a set of averages over the test time. It is
not obtained from the variation during the test time, assuming that each sample is independent, i.e.
there is no correlated random error. This is possible because the test time is assumed to be longer than
any factor affecting the random uncertainty and the high-speed acquisition guarantees that the number
of samples is large enough to negate correlated random errors [28].
The uncertainties for fundamental and derived quantities are presented in the following sections.
B.2 Test flow condition
This section presents the uncertainties for the measured and other fundamental quantities used to
determine the test flow condition, i.e. the free-stream conditions for the model during an experiment.
These measured quantities are shock tube fill pressure, pST , shock tube fill temperature, TST , shock
speed, uST , and nozzle supply pressure, ps. The relative uncertainties, XF of each are shown in
Table B.1.
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Table B.1: Relative uncertainties of the fundamental quantities for the test flow conditions.
Quantity XF [%]
pST 0.21
TST 2.00
uST 5.00
ps 1.44
The shock tube pressure is measured with a 50 psi UNIK 1500 sensor, with accuracy rated to 0.1%
of its full range, i.e. 0.3447 kPa. The pressure is read on a DPM 300 digital readout, which shows
values to an accuracy of 0.1 kPa. These all add up to a total uncertainty of ±0.21% using the RSS
method. The temperature in the shock tube is not measured directly, but the tube is filled with enough
time before the experiment for the gas temperature to balance with the laboratory environment. An
uncertainty of ±2% is assumed to account for the variation in the laboratory temperature between
291 and 303 K during the day, according to Mee [77]. Mee [77] also provides a detailed discussion
of the shock speed uncertainty, which is ±5%. Finally, the nozzle supply pressure uncertainty was
determined by the standard deviation of the measurements over 26 shots in the campaign. The sensors
used were brand new PCB sensors, with manufacturer-provided sensitivities (see Section 3.1.3), so no
new calibration was required. The relative uncertainty for each sensor was ±1.90% and ±2.10% for
psa and psb , respectively. Since both sensors measure the same quantity simultaneously, the combined
uncertainty is ±1.44%.
The derived quantities are the nozzle supply temperature, Ts and enthalpy, Hs, and the free-stream
pressure, p∞, temperature, T∞, velocity, u∞, Mach number, M∞ and density, ρ∞. Table B.2 presents
the uncertainty of the derived quantities F , along with the contributions of the uncertainties of each
fundamental quantity, obtained from the perturbation method described in Section B.1.
Table B.2: Relative uncertainty of derived quantities and their sensitivity due to uncertainty in funda-
mental quantities.
Derived quantity Nominal value XF [%] pST TST uST ps
Hs 4.63 MJ/kg ±7.33 -0.252 0.305 0.179 1.46
p∞ 3056 Pa ±3.73 -11.5 0.111 0.733 0.527
T∞ 417 K ±8.28 -11.2 0.331 0.197 1.58
u∞ 2986 m/s ±3.18 0.433 0.132 0.079 0.633
M∞ 7.4 ±1.86 6.62 -0.052 -0.028 -0.246
ρ∞ 2.59×10−2 kg/m3 ±5.91 -0.348 -0.244 0.595 -1.17
YN2,∞ 0.735 ±0.45 0.013 -0.019 -0.012 -0.089
YO2,∞ 0.195 ±2.25 0.073 -0.094 -0.049 -0.448
YNO,∞ 0.068 ±10.4 -0.350 0.432 0.263 2.07
YO,∞ 0.0016 ±38.8 -1.30 1.59 0.003 7.73
YN,∞ 1.5×10−25 - - - - -
155
APPENDIX B. UNCERTAINTY ANALYSIS
B.3 Wall pressure measurements
This section presents the uncertainties in the wall pressure measurements obtained in the model’s
flowpath in the experiments. Kulite sensors with ranges of 25, 50 and 100 psi were used to obtain these
measurements. Unlike the free-stream conditions which can only be obtained by the aforementioned
perturbation method, the uncertainties in the pressure measurements can be determined analytically by
propagating the uncertainties in the fundamental quantities to get the uncertainty for derived quantities
using
δF =
√(
δF1
δψ1
δψ1
)2
+
(
δF2
δψ2
δψ2
)2
+ . . .+
(
δFn
δψn
δψn
)2
. (B.9)
This process starts with the calculation of the sensitivity of each sensor, obtained through calibration
and given by
S =
Vatm−Vvac
patm− pvac , (B.10)
since the sensors present a linear response in the range considered. The calibration process consists
of measuring the voltage of the sensors at atmospheric pressure and at vacuum, while recording the
respective pressures with reference gauges. The atmospheric pressure is obtained from the UQ Weather
website1, which contains live weather monitoring data of the UQ campus. The vacuum in the test
section is measured with a gauge in the facility. The uncertainties for the quantities in Eq. B.10 are
given in Table B.4. The uncertainty in the atmospheric pressure is taken to be ±0.5% to account for
possible variations in pressure between the monitoring station and the laboratory.
Table B.3: Relative uncertainties of the fundamental quantities for calibration of Kulite pressure
transducers to measure wall pressure in the model.
Quantity XF [%]
patm 0.50
pvac 2.00
The voltage measurements are taken as the mean of 20,000 samples obtained with the T4 DAQ
and the absolute uncertainty is calculated with the standard deviation of these measurements [28, 32].
This averages to an uncertainty of 0.03% for the vacuum measurements and 0.001% for atmospheric
pressure measurements. Most of the uncertainty, then, stems from the pressure readings on the gauges,
particularly the vacuum gauge. Using the RSS method, the relative uncertainty for every sensor can be
determined. Considering the normalisation of the pressure data as shown in Eq. 3.3, the uncertainty
for the normalised pressure data can be calculated and is shown in Table B.4. The table shows only
1http://ww2.gpem.uq.edu.au/UQweather/
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sensors that worked during the experiments and whose results were used in the analysis.
Table B.4: Relative uncertainties of the Kulite pressure transducers.
Sensor XF [%]
PR2 3.56%
PC1 3.56%
PC2 3.56%
PC2B 3.56%
PC2C 3.56%
PC3 3.88%
PC5 3.56%
PC6 3.57%
PC7 4.09%
PC8 3.56%
PC9 3.56%
PC10 4.58%
PC11 3.58%
PC12 3.58%
PC13 3.56%
PC14 3.56%
PC15 3.56%
PC16 4.58%
PC17 3.57%
PC18 4.01%
PC19 3.56%
PN1 3.56%
PN3 3.56%
A note must be made about the uncertainty of sensor PC16. The vacuum voltage measurement for
the sensor was close to zero (≈ 10−9) and its uncertainty therefore undefined. However, its sensitivity
value was similar to other sensors in the same pressure range, and the experimental traces obtained
showed good response with little noise. Therefore, the uncertainty was conservatively assumed to be
the same as the sensor with highest uncertainty value, PC10.
B.4 Fuel mass flow rate
Finally, the uncertainty in the fuel system can be determined. First, the uncertainty in the calibration
constant must be determined. The calibration constant is given by Eq. 3.2, reproduced here:
α =
(
VLT
RTLT
)
∆pLT
p
γ−1
2γ
LTi p
γ+1
2γ
0 ∆t
. (3.2)
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The uncertainties for each fundamental quantity are given in Table B.5. The volume of the Ludwieg
tube, VLT , was determined during the set up of the fuel system to within 0.326% accuracy [48]. Here,
the Ludwieg tube is considered to be the volume up to the solenoid valve upstream of the fuel plenum.
Therefore, it includes the Ludwieg tube itself, the fuel lines leading into the test section and the flexible
fuel line from the test section fitting to the solenoid valve. The temperature of the fuel in the LT,
TLT is assigned an uncertainty of 2% for the same reasons described in Section B.1 for the shock
tube temperature. Finally, gas constant, R, and specific heat ratio, γ , are assumed to have negligible
uncertainty, as is the integration time, ∆t. The pressure in the plenum, p0, was measured with a
Kulite pressure sensor, whose uncertainty was determined in the same method as in Section B.3 to be
2.07%2. Finally, the pressure in the Ludwieg tube, pLT , is measured with a GE UNIK 5000 pressure
transducer (see Section 3.1.2), which has 0.04% FS accuracy, translating to 280 kPa uncertainty3.
The resulting uncertainty is conservatively taken to be approximately 12.3%, which is the highest
uncertainty corresponding to an LT pressure of 2278 kPa, the lowest pressure used in the campaign4.
Table B.5: Relative uncertainties of the fundamental quantities for the fuel system.
Quantity Nominal value XF [%]
VLT 1.7347×10−3 m3 0.326
pLT 2278 kPa 12.3
TLT 300 K 2.00
p0 2390 kPa 2.07
This results in an uncertainty of 12.6% for the calibration constant. The mass flow rate of fuel is
given in Eq. 3.1, reproduced here:
m˙ f = α p
γ−1
2γ
LTi p
γ+1
2γ
0 . (3.1)
Applying the RSS method, with the uncertainties in the fundamental quantities in Table B.5, the
uncertainty in the mass flow rate of fuel is determined to be 12.7%. The uncertainty in the mass flow
rate of oxygen can be determined with Equation B.11:
m˙O2 = Ac p∞U∞YO2,∞, (B.11)
where Ac is the capture area with relative uncertainty of 2%, p∞ and U∞ are free-stream pressure and
velocity, respectively, and YO2,∞ is the mass fraction of oxygen in the free-stream. The uncertainties for
the free-stream properties are given in Table B.2. This results in an uncertainty for mass flow rate of
oxygen of 5.75%.
Finally, with the fuel equivalence ratio given by
2This is the sensitivity uncertainty, as this sensor is not normalised like the flowpath sensors.
3The transducer has a range of 7 MPa, which translates to 280 kPa with 0.04% uncertainty.
4Corresponding to shot 12092.
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φ = 8
m˙ f
m˙O2
, (B.12)
its resulting uncertainty is 14.0%.
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APPENDIX C
DETAILS OF MODEL CONSTANTS FOR THE
SIMULATIONS
Here are provided details of various modelling constants and chemistry parameters used in the simula-
tions. Table C.1 presents the constants for the Blottner curve fits for dynamic viscosity (Section 3.2.1).
Table C.2 presents the reaction constants for the hydrogen-air reaction scheme [58] (Section 3.2.1). Fi-
nally, Table C.3 presents the constants for the Spalart-Allmaras turbulence model [117] (Section 3.2.2).
Table C.1: Constants for Blottner curve fits for dynamic viscosity.
Species As Bs Cs
H 7.53570×10−2 −3.46023×10−1 −1.01658×101
H2 3.71515×10−2 1.98147×10−1 −1.16162×101
H2O −6.27751×10−2 1.77108 −1.71674×101
H2O2 −6.55708×10−2 1.68132 −1.66768×101
N 1.15572×10−2 6.03168×10−1 −1.24327×101
N2 2.68142×10−2 3.17784×10−1 −1.13156×101
NO 4.36378×10−2 −3.35511×10−2 −9.57674
O 2.03144×10−2 4.29440×10−1 −1.16031×101
O2 4.49290×10−2 −8.26158×10−2 −9.20195
OH −4.98470×10−2 1.55700 −1.60570×101
NO2 −2.55903×10−2 1.05672 −1.38353×101
HNO 1.01068×10−2 5.01934×10−1 −1.16168×101
HO2 9.55021×10−3 5.05568×10−1 −1.16123×101
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Table C.2: Hydrogen-air finite rate chemistry modela. Reproduced from [58].
Reactions An ηn Ean
(1) H2 + O2 HO2 + H 7.00×1013 0 56,800
(2) H + O2 OH + O 2.20×1014 0 16,800
(3) O + H2 OH + H 5.06×104 2.67 6290
(4) OH + H2 H2O + H 2.16×108 1.51 3430
(5) OH + OH H2O + O 1.50×109 1.14 0
(6) H + OH + M H2O + M 8.62×1021 −2.00 0
(7) H + H + M H2 + M 7.30×1017 −1.00 0
(8) H + O + M OH + M 2.60×1016 −0.60 0
(9) O + O + M O2 + M 1.10×1017 −1.00 0
(10) H + O2 + M HO2 + M 2.30×1018 −1.00 0
(11) HO2 + H OH + OH 1.50×1014 0 1000
(12) HO2 + O O2 + OH 2.00×1013 0 0
(13) HO2 + OH H2O + O2 2.00×1013 0 0
(14) HO2 + HO2 H2O2 + O2 2.00×1012 0 0
(15) H + H2O2 H2 + HO2 1.70×1012 0 3780
(16) H + H2O2 OH + H2O 1.00×1013 0 3580
(17) O + H2O2 OH + HO2 2.80×1013 0 6400
(18) OH + H2O2 H2O + HO2 7.00×1012 0 1435
(19) OH + OH + M H2O2 + M 1.60×1022 −2.00 0
(20) N + N + M N2 + M 2.80×1017 −0.80 0
(21) N + O2 NO + O 6.40×109 1.00 6300
(22) N + NO N2 + O 1.60×1013 0 0
(23) N + OH NO + H 6.30×1011 0.50 0
(24) H + NO + M HNO + M 5.40×1015 0 −600
(25) H + HNO NO + H2 4.80×1012 0 0
(26) O + HNO NO + OH 5.00×1011 0.50 0
(27) OH + HNO NO + H2O 3.60×1013 0 0
(28) HO2 + HNO NO + H2O2 2.00×1012 0 0
(29) HO2 + NO NO2 + OH 3.40×1012 0 −260
(30) HO2 + NO HNO + O2 2.00×1011 0 1000
(31) H + NO2 NO + OH 3.50×1014 0 1500
(32) O + NO2 NO + O2 1.00×1013 0 600
(33) NO2 + M NO + O + M 1.16×1016 0 66,000
a Rate coefficients are of the form k = AnTηne−Ean/RT . Units are in seconds,
moles, cm3, calories and K.
b Third-body efficiencies relative to N2 = 1.0 for the following reactions are:
(6) H2O = 6.0, (7) H2O = 6.0 and H2 = 2.0, (8) H2O = 5, (9) H2O = 16.0 and
H2 = 2.0, and (19) H2O = 15.0.
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Table C.3: Constants for the Spalart-Allamaras turbulence model [117].
Constant Value
σ 2/3
κ 0.41
cb1 0.1355
cb2 0.6220
cw1
cb1
κ2 +
1+cb2
σ
cw2 0.3
cw3 2
cw4 7.1
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